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CHAPTER I 
 
INTRODUCTION 
 
Monolayer-protected gold nanoparticles: history and characterization 
Since their inception in 1994,
1
 monolayer-protected gold nanoparticles (AuNPs) 
have become a ubiquitous nanomaterial, with wide-ranging applications from 
molecular electronics
2
 and catalysis
3
 to detection
4
 and biomimetics.
5
 Their 
technological precursor, unprotected colloidal metals, have been known for much of 
recorded history, having been used for various medicinal remedies and to provide 
color in ceramics and stained glass. In the 19
th
 century, Michael Faraday observed the 
diversity of colors in colloidal gold and theorized that the spectral diversity was due 
to size variation, but this was only a small part of the diversity of nanosized gold 
colloids.
6,7
 These unprotected colloids were later functionalized with phosphines, 
amines, and thiols. In 1984, Nuzzo and coworkers developed self-assembled 
monolayers (SAMs) of thiols on two-dimensional gold surfaces.
8
 Ten years later, 
Brust and coworkers developed a facile and versatile route to the formation of AuNPs 
protected by a novel three-dimensional SAM.
1
 The unique gold-sulfur bond led to a 
new class of nanomaterials which were simultaneously versatile, exhibiting some 
properties of metals
9
 while presenting a completely organic surface. 
While unprotected, colloidal gold nanoparticles have a core diameter typically 
between 2-150 nm,
10
 monolayer-protected AuNPs are generally <10 nm in diameter.
11
 
The smallest nanoparticles (<2 nm core diameter) generally have molecular or 
2 
quantum properties, such as tunable band gaps, quantized charging, and discrete 
optical absorbance bands.
12
 Larger nanoparticles (>3 nm) exhibit properties of bulk 
gold, such as a surface plasmon band with a size-dependent λmax near 520 nm.
13
 The 
protecting ligands contribute to the electronic properties of the nanoparticle in 
addition to determining chemical functionality and solubility. Since the only 
requirement for a ligand is a free thiol, anything from biologically available 
glutathione
14
 and cysteine-bearing peptides
15
 to exotic aromatic “molecular wire” 
molecules
16
 can be used. These molecules can also be mixed in the monolayer to 
provide a fine-tuned solubility and functionality. 
Variations in its two components – metallic core and organic surface – provide both 
a vast chemical space to explore, and a convenient beginning point  for the 
classification of different monolayer-protected metallic nanoparticles. A standard 
vocabulary for these classifications is still emerging, but the following is a synthesis 
of the terms used in the peer-reviewed literature. 
The “monolayer” in question should be understood to be a monolayer of gold-
thiolate complexes,
17,18
 in which the gold and sulfur atoms coordinate to the  metallic 
core. These complexes are somewhat analogous to surfactants, with a highly polarized 
organometallic headgroup which either binds to the metallic surface or self-
aggregates through aurophilic interactions
19
 and becomes insoluble. The organic tail 
can be selected to allow solvation in nearly any conceivable solvent, since the 
terminus can exhibit any functional group from a negatively charged sulfonate to a 
positively charged quaternary amine, from a hydrophobic alkane to an amphiphilic 
glycol. 
3 
The nanoparticle has also been referred to as a cluster or crystal, alternatively a 
nanocluster or nanocrystal. The most popular of these terms is the monolayer-
protected cluster (MPC). The use of the term “cluster” specifies a small and well-
defined structure, and as such is applicable to the smallest nanoparticles (<2 nm core 
diameter). It is in this size range that certain molecular formulae are preferred, 
allowing for syntheses with molecular monodispersity as well as crystallization.
20
 The 
largest of the “magic sizes” whose structure has been predicted, Au146SR60, appears to 
exhibit some diversity in structure which has led to confusion in its molecular formula 
assignment.
21,22
 It is highly likely that any larger nanoparticle will exhibit a greater 
diversity in structure, primarily in the number, stoichiometry, and orientation of its 
protecting gold-thiolate complexes. Such nanoparticles which have not yet been 
observed to have any specific, highly abundant molecular composition are thus better 
defined as nanoparticles, rather than clusters. 
A very recent but exciting development is the exploration of supramolecular 
structures in the protecting gold monolayer. Credit for the idea goes to de Gennes, 
who in his 1992 Nobel lecture first coined the term “Janus” to describe complete 
microphase separation to form two “faces” on the same sphere.23 While the concept of 
the Janus particle has been clearly developed on the microscale,
24 
proof of complete 
microphase separation has been elusive. Stellacci and coworkers recently proposed 
the existence of patches and even stripes in monolayers on metallic nanoparticles.
25
 
These uniquely organized nanomaterials offer a route to greater mimetic behavior, 
becoming analogous to biomolecules with binding pockets and hydrophobic and 
hydrophilic faces. This enhanced mimetic behavior has been proposed to enhance the 
4 
controlled entry of AuNPs into cells
26
 and binding to proteins.
27
 
With such a great amount of chemical space to explore and so many powerful 
applications, the characterization of these monolayer-protected metallic nanoparticles 
has become very important. A route to observing the molecular identity of each 
nanoparticle synthesized and modified – its size, the composition of its monolayer, 
and any potential supramolecular structure – has not been realized. By using an array 
of analytical techniques, a rough estimate of the average size and composition can be 
obtained. Ultraviolet-visible (UV-Vis) spectroscopy can be used to roughly estimate 
the size of nanoparticles which are >3 nm in diameter, or to estimate the purity of 
very small MPCs which exhibit discrete optical transitions.
14
 Transmission electron 
microscopy (TEM) allows imaging of the gold core,
1
 owing to the high electron 
density of gold compared to the organic ligands. This leads to a very clear measure of 
average size and monodispersity. Commonly, nuclear magnetic resonance (NMR)
28
 is 
used to measure purity, and to characterize and quantify the protecting ligands. 
Elemental or thermogravimetric analysis (TGA)
28
 can be used to determine the 
composition of the nanoparticles, and may lead to insight on purity. This information 
can be used in conjunction with TEM to give an average molecular formula for the 
nanoparticles.
28
 
Mass spectrometry (MS) is unique in that it has been proven capable of 
simultaneously measuring core size, characterizing the protecting ligands, and 
yielding a molecular formula (Figure 1). The remainder of this chapter is a discussion 
of the history of the use of MS for the characterization of AuNPs. Its advantages and 
limitations as well as trends for the future will also be discussed. 
5 
 
Figure 1. Characterization objectives for the MS analysis of monolayer-protected 
AuNPs.The generation of ionized intact AuNPs, gold-sulfide clusters, and gold-thiolate 
complexes allow the measurement of molecular formula, core size, and monolayer 
properties, respectively.  
 
Early MS analyses: core size estimation and “magic-sized” MPCs 
The earliest use of mass spectrometry for the characterization of thiolate-protected 
AuNPs are found in work from the late 1990s. These reports quickly revealed the 
problem inherent in mass analysis of AuNPs: ionization typically leads to 
nanoparticle fragmentation (Figure 2). For electrospray ionization (ESI), the 
protecting gold-thiolate ions are commonly desorbed.
29
 Matrix-assisted laser 
desorption/ionization (MALDI) and laser desorption/ionization (LDI) without matrix 
assistance generates few nanoparticle ions until the laser fluence is suff iciently high 
for photolytic cleavage of the thiolate C-S bond. 
6 
 
Figure 2. The product fragments of AuNPs at different levels of ionization “softness.”For 
magic-sized MPCs, very soft ionization techniques can generate intact MPC ions. 
Otherwise, gold-thiolate ions are formed. Ionization with higher amounts of energy 
generates some gold-thiolate ions with gold-sulfur clusters and ligands cleaved at the C-S 
bond. 
 
The ions that are observed are generally clusters of gold and sulfur, with a complete 
loss of the protecting ligands.
30
 However, since ions roughly correspond to the mass 
of the core alone, the size of the core could be inferred from its mass. Using a simple 
calculation based on the properties of bulk gold, an approximate core diameter could 
be obtained as described by Schaaff et al.:
31
 
 (1) 
From the mass spectrum, the number of gold atoms (NAu) can be estimated. An 
approximate core diameter (Deq) can then be calculated using two assumptions: first, 
that the gold adopts a face-centered cubic (fcc) packing structure (with a number 
density of ca. 59 atoms·nm
-3
) and second, that the nanoparticle is spherical in shape. 
3
1
6







fcc
Au
Au
eq
n
N
D

7 
The later discovery of gold-thiolate “staple” structures and non-fcc packing18,21,32 in 
MPCs introduces some error in the estimated number density term. However, the 
respective error from denser packing and more distant capping gold atoms drives the 
number density in different directions, minimizing the net error. To illustrate, the 
calculated and measured diameters of the MPCs whose structures are known can be 
compared.
18,32
 For Au25(SCH2CH2Ph)18, if only the dense icosahedral Au13 core is 
considered, the calculated diameter of 7.5 Å is much greater than the measured 
diameter of 5.6 Å. However, if the staple gold atoms are included, the calculated 
diameter of 9.3 Å is much closer to the measured diameter of 9.8 Å. For Au102(p-
MBA)44 the error is remarkably small: 1.5 nm calculated compared to a roughly 1.55 
nm measured diameter. 
Equation 1 was first utilized when members of the Whetten lab discovered
33,34
 that a 
portion of synthesized nanoparticles contained a series of discretely sized cores less 
than 2 nm in diameter. The mere existence of synthetically favored core sizes made 
this new discovery intriguing. Mass spectrometry was used (Figure 3) to estimate the 
core diameters of these newly discovered MPCs. The favored or “magic” sizes that 
were reported included what were later identified as the Au38(SR)24, Au102(SR)44, and 
Au144/146(SR)60/59 clusters, which continue to be common in studies of MPCs and their 
properties. 
Schaaff later described the FWHM of MPC mass spectra as superior to the 
resolution of TEM with regards to gold core size measurement.
35
 Mass spectrometry 
is additionally capable of obtaining size population information for mixtures of MPCs 
which have a size range less amenable to TEM measurements. Ideally, the core size of 
8 
larger nanoparticles could be measured using mass spectrometry. However, 
commonly used detectors exhibit lower sensitivity with increasing mass; since the 
mass of an AuNP increases exponentially with diameter size, larger ions will be 
unobservable. The use of kinetic energy-dependent detectors could potentially 
circumvent this problem, but these detectors are presently not widely used. In 
addition, the greater dispersity in the molecular formulae of larger AuNPs would 
partition the signals, requiring high sensitivity and mass resolution for assignments. 
Nevertheless, mass spectrometry is a very useful tool in the development of 
applications for MPCs exhibiting desired quantum effects, especially in light of recent 
synthetic work exclusively creating sizes under 2 nm.
36,37 
9 
 
Figure 3. Early LDI mass spectra of various magic-sized MPCs.Spectra A-E each 
correspond to a particular magic size, having been fractionated from a mixture of 
synthesized nanoparticles.  Spectrum F is a representative unfractionated mixture of 
nanoparticles with dodecanethiolate ligands. Later spectra using improved methodologies 
suggest that fractions A-D correspond to Au38(SC12H25)24,
38
 Au68(SC18H37)34,
39
 
Au102(SC6H13)44,
18,39
 and Au144/146(SC6H13)60/59,
21,22,37
 respectively. Figure adapted with 
permission from ref. 31. Copyright 1997 American Chemical Society.   
 
Recent advances in MS methodologies for AuNP analysis 
Through the discovery of the magic-sized MPCs, researchers had demonstrated that 
mass spectrometry could be a
 
formidable tool for elucidating size distributions of 
small clusters. Ideally, mass spectrometric analysis of thiolate-protected AuNPs 
would yield not only information about the core size, but also the ligand composition 
10 
decorating the AuNP. However, because of the ubiquitous fragmentation of the 
ligands from the gold core, this ideal was not realized until the advent of improved 
MALDI- and ESI-based methodologies. 
 
Matrix-assisted laser desorption/ionization 
The use of traditional weak organic acid MALDI matrices have provided a means to 
measure the mass of the core of ligand-protected AuNPs; however, these matrices do not 
prevent extensive ligand fragmentation. Following the initial studies reported in the late 
1990s, it was not until 2008 that the first MALDI spectra (Figure 4) of intact ligand-
protected AuNPs was published by Dass et al.
40
 Very recent work has extended the 
effective range of MALDI-MS AuNP characterization to 18 kDa for 
Au68(SCH2CH2Ph)34.
39
 The success of these efforts was due to the use of a unique matrix, 
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB), which 
ionizes by electron transfer rather than the proton transfer of weak organic acid 
matrices.
41
 In spite of this solution to the fragmentation problem, MALDI-MS analysis 
will be limited to small MPCs indefinitely due to the problems associated with larger 
AuNPs mentioned in the previous section. 
11 
 
Figure 4. MALDI-MS spectra of Au25(SCH2CH2Ph)18 using various matrices, 
demonstrating the unique capability of the DCTB matrix to generate intact ligand-
protected AuNP ions. The most prominent fragment shown corresponds to 
Au21(SCH2CH2Ph)14, resulting from a loss of Au4(SCH2CH2Ph)4. The peaks marked with 
an asterisk correspond to the intact [Au25(SCH2CH2Ph)18]
+
 species. Adapted with 
permission from ref. 40. Copyright 2008 American Chemical Society. 
 
The analysis of AuNPs with hydrophilic ligands has posed a problem for both 
MALDI and ESI. These ligands are necessary for applications which require water-
soluble thiolate-protected AuNPs. For hydrophobic AuNPs, the relatively low-energy 
electron transfer is conducive to ionization without fragmentation. However, 
hydrophilic ligands of choice are commonly terminated with carboxylic acids, which 
at physiological pH exist in a carboxylate form. The steric confinement of high charge 
density results in significant Coulombic repulsion and fragmentation following 
ionization, particularly for larger particles with lower surface curvature and a higher 
charge density. No MALDI-MS spectra of intact hydrophilic ligand-protected AuNPs 
have been reported to date. 
 
12 
Electrospray ionization 
The first unfragmented mass spectra were obtained using ESI,
29
 due to its softness 
as an ionization technique; however, the electrospray process is not well -suited for 
AuNPs. Alkanethiolates are the most commonly used ligands, and are among the best 
ligands for generating magic-sized MPCs. Unfortunately, alkanethiolates are 
traditionally difficult to ionize in either the positive or the negative mode, but 
ionization can be enhanced through the use of ligand exchange. In 2007, Tracy et al.
42
 
reported the ligand exchange of methoxy penta(ethylene glycol)thiolate ligands onto 
Au25(SCH2CH2Ph)18 clusters, allowing observation of highly charged MPCs. More 
recently, Fields-Zinna and colleagues utilized quaternary amine ligands with an 
intrinsic charge to enhance the ionization of larger MPCs.
22
 
A different approach was explored by Tsukuda and coworkers, who oxidized or 
reduced the clusters prior to ESI-MS analysis using Ce(SO4)2 or NaBH4.
43
 This 
approach allowed the observation of relatively large, intact MPCs (Figure 5).
44
 
Approaches which enhance the charge state of intact MPCs are significant for the 
future due to their applicability to larger AuNPs, and their ability to overcome the 
attenuated signal of high-mass ions. 
 
13 
 
Figure 5. LDI and ESI mass spectra of Au38(SC12H25)24 and Au144(SC12H25)59 as obtained 
by Chaki et al. LDI is above, ESI below, while Au38(SC12H25)24 and Au144(SC12H25)59 are 
in panels A and B, respectively. Samples were oxidized with Ce(SO4)2 prior to analysis. 
Adapted with permission from ref. 44 Copyright 2008 American Chemical Society. 
 
The first unfragmented AuNP mass spectrum reported was that of the small Au25 
cluster protected by glutathione ligands (abbreviated SG here to highlight the thiolate 
bonding).
29
 However, due to a large amount of chemical noise and an alternate 
molecular formula with a very similar mass, the ion was mistakenly identified as 
Au28(SG)16 until corrected in 2005.
14
 This underscores two challenges of peak 
identification from intact AuNPs: multiple molecular formulae can be nearly isobaric, 
and a significant amount of chemical noise is often present due to impurities or ligand 
fragmentation. Improved sample quality, resolving power, and mass measurement 
accuracy increase the certainty of molecular formula assignments,
45
 since the number 
of indistinguishable, nearly-isobaric permutations are decreased. 
 
New applications and emerging trends 
Apart from the characterization of synthesized nanoparticles, applications of MS-
based AuNP analysis have included investigations into the nature and properties of 
14 
AuNPs, particularly the small MPCs. Two applications are detailed in this section, 
namely mixed-ligand and gold-thiolate complex analysis. Both have implications for 
routine MS-based AuNP characterization while also revealing new information about 
the nanoparticles. 
 
Mixed-ligand analysis 
With the ability to analyze intact MPCs, it is now possible to investigate variations 
in the stoichiometry of different ligands on the basis of mass, considering the gold 
core to be a constant mass. This has enabled the characterization of mixed-ligand 
AuNPs since, assuming one is comparing ligands of different masses, each population 
of ligands will correspond to a unique mass. Mass spectrometry alone allows the 
observation of ligand mixtures of discrete stoichiometry. Other techniques, primarily 
nuclear magnetic resonance (NMR) spectroscopy, provide population averages, 
yielding only the percent coverage of different thiolate ligands on an average 
nanoparticle. 
The characterization of mixed-ligand AuNPs has significant implications in a wide 
range of applications, ranging from biological to electronic. While AuNPs are 
typically protected by a uniform monolayer of a single ligand species, a mixture of 
ligands is required for many applications where the demands of synthetic parameters, 
solubility, and chemical functionality require more than a single species can provide. 
For example, covering an entire nanoparticle with a given epitope for a vaccine would 
be costly, difficult, and likely render the nanoparticle insoluble. Thus, having multiple 
ligand species with different chemical roles is desirable. This can be accomplished 
15 
through the combination of a higher proportion of a shorter capping ligand to achieve 
the desired solubility properties with a smaller proportion of longer ligands containing 
the epitope moiety.
15
  
Diverse mixtures of ligands can be placed on a nanoparticle through the presence of 
multiple thiols during the AuNP synthesis or through ligand exchange (also known as 
place-exchange) reactions. For some applications, it may be acceptable to know that 
the ligand of interest is present on the nanoparticle surface. Ideally, the relative 
amounts of nanoparticles featuring a given stoichiometry of ligands would be 
identified. This “ligand exchange distribution” can only be accurately observed using 
mass spectrometry if the ionization efficiency is the same for all nanoparticles, 
regardless of the specific mixture of ligands present. The amount of variation in 
ionization efficiency across mixed-ligand populations should be dictated by the 
specific chemical properties of the ligands present. However, ligand exchange 
distributions obtained by Murray and coworkers reveal symmetric distributions for 
different stoichiometries of phenylethanethiolate and hexanethiolate ligands, which 
seems to indicate a uniform ionization efficiency.
40
 
The first MS-based mixed-ligand analysis focused on the ligand exchange kinetics 
of small Au25(SR)18-x(SR’)x clusters.
46
 The kinetics of ligand exchange for thiols on 
gold films has been thoroughly explored and extrapolated to three-dimensional 
nanoparticles.
47
 An understanding of on/off rates for terraces, edges, and vertices 
based on self-assembled monolayers may conceptually be true for nanoparticles; 
however, the existence of semi-ring Au(SR)2 and Au2(SR)3 structures on AuNP 
surfaces may complicate a direct extrapolation. Two thiolate positions – those 
16 
connected to the core and those that only bind to the outer “staple” gold atoms – are 
expected to have similar but distinct exchange rates. Further complexities arise from 
ligand-ligand intermolecular interactions. For example, three different types of 
interactions were identified in the crystal structure of Au102(p-MBA)44.
18
 
The work by Dass et al. explored ligand exchange kinetics for MPCs with mixtures 
of phenylethanethiol, hexanethiol, and thiophenol ligands.
46
 Clusters with a mixture 
of hexanethiol and phenylethanethiol, generated both through post-synthesis ligand 
exchange (Figure 6A) and mixed-ligand synthesis (Figure 6B), agreed well with the 
predicted ligand exchange distribution. However, the ligand exchange distribution of 
place-exchanged thiophenol was much narrower than expected (Figure 6C). This may 
imply the existence of ligand-ligand interactions which more strictly control the 
number of ligands which can exchange. This work demonstrates the capabilities of 
MS-based ligand analysis, as well as providing future directions to investigate the 
variables of ligand exchange reactions for ligand-protected AuNPs. 
17 
 
Figure 6. Comparison of theoretical and experimental ligand exchange distributions (red 
and black, respectively), where m is the number of phenylethanethiol ligands, 
Au25(SCH2CH2Ph)m(SR)18-m, and Θ is the proportion of the entire cluster population 
featuring its respective value of m. Hexanethiol ligand exchange (A) and 
hexanethiol/phenylethane thiol mixed Brust synthesis (B) matched with calculated ligand 
distributions, but thiophenol ligand exchange (C) demonstrated a narrower ligand 
exchange distribution. Adapted with permission from ref. 46. Copyright 2008 American 
Chemical Society. 
 
Gold-thiolate precursor complexes and capping structures 
Complexes of cationic gold and thiols are well-known, having been used for 
medicinal purposes for some time.
17
 The complexes form both ring and linear 
structures; aurophilic binding induce aggregation until, in many cases, they become 
insoluble. In the Brust synthesis, these complexes are generated and then reduced to 
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form ligand-protected AuNPs. An alternative case of cationic gold binding to thiolate 
ligands are self-assembled monolayers (SAMs), where a planar film of gold is 
oxidized by binding to the thiolate monolayer. It was long assumed that gold 
nanoparticles were a kind of three-dimensional SAM, with planar gold surfaces on 
every face of the nanoparticle. 
The first experimental evidence of a distinct and discrete gold-thiolate capping 
structure arose in 2007, when Cliffel and coworkers analyzed tiopronin (Tio)-
protected AuNPs using ESI-MS and found a dominant Au4(Tio)4 ion species.
48
 This 
Au4(Tio)4 complex – which has been found to be a tetrameric ring structure
49
 – was 
estimated to be a favorably eliminated structural formation present on the surface of 
the nanoparticle. The same tetrameric complex ion was obtained by ESI-MS analysis 
of a gold-tiopronin precursor complex, and more recently by MALDI-MS.
49,50
 The 
two separate analyses which yielded a remarkably similar mass spectrum indicated 
that the surface of AuNPs was dominated by cationic gold-thiolate complexes not 
dissimilar to the precursor complexes prior to reduction. 
Kornberg and colleagues’ crystal structure of the Au102(p-MBA)44 cluster, published 
later in 2007, revealed the presence of semi-ring “staple” structures which capped a 
gold core.
18
 In the 2008 MALDI-MS study of Au25(SCH2CH2Ph)18 by Dass and co-
workers, the first major fragment upon raising laser fluence corresponded to a loss of 
Au4(SCH2CH2Ph)4, as shown in Fig. 3.
40
 The same loss has been prominent in 
MALDI-MS spectra of Au38(SCH2CH2Ph)24 and Au68(SCH2CH2Ph)34.
39
 Heaven et al. 
published the crystal structure of [Au25(SCH2CH2Ph)18]
-
 later in 2008.
32
 No 
Au4(SCH2CH2Ph)4 features were present on the cluster, suggesting that the feature 
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appears during ionization prior to elimination. This idea is strongly reinforced by 
Dass’ recent observation of a similar elimination from Au68(SCH2CH2Ph)34 and 
Au38(SCH2CH2Ph)24.
39
 It should be noted that the cluster in Heaven’s crystal structure 
was negatively charged, while the tetramer loss is more prominent in the positive ion 
mode. Furthermore, tandem ESI-MS spectra obtained by Fields-Zinna et al. which 
shows a tetrameric ion generated from [Au25(SCH2CH2Ph)18]
+
 after collision-induced 
dissociation (CID).
51
 The well-known “staple” Au2(SR)3 capping structure of this 
MPC was also present in the spectrum. This staple feature was also present as a loss 
from the Au146(SR)59 cluster.
22
 This work demonstrates the capabilities of CID to 
provide an interesting view into the gold-thiolate capping structures of MPCs. 
The tetrameric Au4(SR)4 feature may an alternate capping structure to the “staple” 
for some nanoparticles. The tetrameric Au4(SCH3)4 was observed on planar gold by 
Voznyy and coworkers.
52
 For the Au38(SCH3)24 nanoparticle, Häkkinen used density 
field theory to predict the existence of six (AuSCH3)4 rings surrounding the core.
53
 
The tetrameric ring structure was described as having a “convergence in stability and 
electronic properties.”54 Furthermore, computational work by Gronbeck et al. 
investigated the differences between staple complexes, as seen in crystal structures, 
and tetrameric cycles and linear multimers of gold-thiolate complexes when located 
on a metallic gold Au(111) surface.
55
 The tetrameric ring complex was lower in 
energy than three-fold hollow thiolate binding, but higher in energy than staple 
structures. The prominence of these Au4(SR)4 ions suggests some degree of similarity 
between the architecture of gold-thiolate complexes and the cationic gold of AuNPs. 
20 
Investigations of the relationship between gold-thiolate complexes and AuNP structure 
have implications for improving AuNP syntheses. A recent study has suggested that the 
physical structure of a gold-glutathionate complex controls the size of the AuNPs formed 
by reduction.
56
 Another study improved the yield of Au25(CH2CH2Ph)18 clusters by 
controlling the size of a gold-phenylethanethiolate precursor complex aggregate.
57
 These 
reports indicate that the next step in improving AuNP syntheses may involve precise 
control of the gold-thiolate complex structure. A technique yielding precise structural 
information on an atomic level would be required to advance such research. Mass 
spectrometry provided the first indicator of unique AuNP structural capping phenomena, 
and the continuing investigation of the relationship between gold-thiolate complexes and 
AuNP structure may require the unique capabilities of an MS-based platform. 
 
Conclusion 
Mass spectrometry is a powerful analytical tool in part because of its capacity for 
revealing what would otherwise be unobtainable information. For this reason, mass 
spectrometry has played a prominent role in the discovery and application development 
of monolayer-protected AuNPs. While much of the progress detailed in this report has 
occurred since 2007, this progress has contributed greatly to our understanding of gold 
MPCs, thereby fueling interest in their unique properties and enabling potential 
applications. 
However, the inherent properties of metallic NPs – the high mass of intact NPs, the 
molecular polydispersity present in the overwhelming majority of NP samples, and the 
extreme tendency toward fragmentation, particularly for NPs with hydrophilic ligands – 
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appear to place intrinsic size- and ligand-based limitations on the MS analysis of intact 
NPs. There is a growing need for an analytical platform which is well-suited for the 
routine characterization of monolayer-protected metal NPs, but without highly novel 
advances in the field, MS may remain an effective characterization platform for gold 
MPCs alone. 
In addition to routine characterization, there are several questions remaining in this 
field which are highly relevant to both a thorough understanding of nanoscale monolayers 
on metallic nanoparticles and to the development of metal NP-based applications. For 
example, the nature of the metal-thiol interface has only been elucidated for small, 
hydrophobic, magic-sized gold MPCs with defined charge states (-1
32
 or 0
18,58
). For 
nanoparticles composed of alternate metals (i.e., Ag or Pd)
59
 or water-solubilizing 
ligands,
59,60
 with larger core sizes or different charge states, the metal-organic interface 
has not been sufficiently characterized experimentally. Extrapolation from available data 
on gold MPCs
61
 and density functional theory (DFT) calculations on Au(111)
55,62
 
suggests that gold-thiolate complexes are present on AuNPs of all size, though 
corroborating experimental evidence is scant.
48
 Furthermore, in recent years a number of 
reports have predicted
63
 or asserted
25,64,65
 the existence of phase segregation in 
monolayers on metal NPs, but an unequivocal confirmation of any has yet to emerge. The 
question of the existence of phase-segregation in nanoscale monolayers remains open. 
The great majority of interest in monolayer-protected metal NPs is focused on their 
surfaces, which can occupy a large amount of chemical space through the use of diverse 
thiolates and mixtures of thiolates, some of which are expected to be capable of phase-
22 
segregation. Thus, analytical platforms which can thoroughly characterize the metal NP 
surface would be the most useful tool in this field. 
It has been clearly established in the literature that the gold-thiolate complexes which 
form the monolayer of gold MPCs can be desorbed from the MPC and by relatively low-
energy in-source fragmentation processes (e.g., ESI and MALDI at low laser 
intensities).
29,40,51
 Therefore, I hypothesize that if metal-thiolate complexes which are 
observed in mass spectra correspond to pre-existing metal-thiolate complexes in the 
protecting monolayer, then observed complexes should reflect the monolayer 
characteristics of the parent nanoparticle. To test this hypothesis, three experiments can 
be performed. First, metal-thiolate complexes should be observed in the mass analysis of 
any monolayer-protected metal NPs on which they are known to exist. Second, the 
abundance of thiolate ligands within observed metal-thiolate complexes should 
correspond to the abundance of the ligands on the intact metal NP core, as measured by a 
non-destructive technique such as NMR spectroscopy. Third, phase-segregated ligands in 
the monolayer will create phase-segregated complexes; in other words, complexes will be 
more likely to contain only one of the thiolates in the mixture. These experiments also 
conveniently permit the investigation of mass spectrometry as a platform for the routine 
surface characterization of monolayer-protected metal NPs. The results of the 
experiments, and an appraisal of the use of mass spectrometry for NP characterization, 
are reported in the following chapters. 
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CHAPTER II 
 
PRODUCTS OF MONOLAYER-PROTECTED METAL NANOPARTICLE 
IONIZATION AND FRAGMENTATION 
 
Introduction 
As discussed in Chapter I, mass spectrometry is a powerful tool for the study of 
monolayer-protected metallic nanoparticles, providing the route to understanding the 
“magic” sizes as well as the gold-thiol interface. Combined with density functional 
theory (DFT) calculations,
53
 the mass spectrometric evidence
48
 led to a new interfacial 
model. This model was refined and validated by subsequent crystallographic
18,32,38
 and 
theoretical
21,66,67
 measurements. The discovery of the protecting gold-thiolate complex 
led to a reassessment of protection schemes for planar surfaces such as Au (111), with an 
emphasis on reconciling the gold-thiolate complex with previous measurements.
52,55,68,69
 
For similar metals such as silver and palladium, the nature of the metal-organic 
interface at the surface of ligand-protected metallic nanoparticle cores has been explored 
through numerous approaches, theoretical and experimental.
9,70
 Understanding these 
interfaces is crucial for developing the physical and electronic properties of metal NPs for 
applications in catalysis and other fields. However, very few reports have been published 
since the advent of the gold-thiolate protection model, and thus do not take a metal-
thiolate theme into consideration. One exception is a recent computational study on 
palladium (111) surfaces,
71
 which proposed an adlayer of palladium-thiolate complexes 
on a palladium-sulfide surface, in agreement with previous experimental findings.
72
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For thiolate-protected nanoparticles with Ag
59,73,74
 or Pd,
59,75
 cores, only one published 
report has investigated this interface, predicting the presence of bridging thiolate ligands 
for very small [Ag7(SR)4]
-
 clusters.
76
 The lack of investigation into the metal-thiol 
interface is surprising, considering the interest in the catalytic properties of palladium
75,77
 
nanoparticles and the known catalytic activity of gold clusters with protecting gold-
thiolate moieties.
78
 
This chapter presents data regarding the fragmentation of monolayer-protected Au, Ag, 
and Pd nanoparticles. For the latter two, we have found evidence for the existence of 
analogous protecting metal-thiolate complexes on silver and palladium nanoparticles. By 
performing an experiment on AgNPs and PdNPs which was somewhat analogous to 
previous work on AuNPs, we discovered silver- and palladium-thiolate complexes with 
some stoichiometric differences from their gold-thiolate counterparts. This evidence 
should lead to an improved understanding of the catalytic properties of thiolate-protected 
metal nanoparticles. Together with the published reports of other groups covered in 
Chapter I, the data presented here provide a synoptic view of monolayer-protected 
metallic nanoparticle fragmentation in different ionization sources. 
 
Experimental Procedures 
Reagents 
All chemicals were purchased from Fisher Scientific or Sigma-Aldrich and used as 
received with the exception of tetrachloroauric acid, which was synthesized as described 
elsewhere.
79
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Tiopronin-protected AuNP synthesis 
Tetrachloroauric acid (HAuCl4•3H2O) was combined with three equivalents of 
tiopronin in 85:15 MeOH:acetic acid at 0 ºC. The solution was stirred for 3 hours, after 
which sodium borohydride was added in a 10:1 NaBH4:Au molar ratio. The nanoparticles 
were dialyzed for 3 days until observed to be clean by NMR spectroscopy, that is, free of 
any narrow peaks indicative of unbound tiopronin or other organic molecules. 
 
Hexanethiolate-protected AuNP synthesis 
Tetrachloroauric acid was dissolved in deionized water and combined with a slight 
molar excess of TOABr in toluene. Once the gold was completely transferred to the 
organic layer (evidenced by a red organic layer and clear aqueous layer), the aqueous 
layer was removed and three equivalents of hexanethiol were added. After the solution 
became clear, 10 equivalents of NaBH4 were dissolved in cold deionized water and added 
to the solution. The generated nanoparticles were precipitated in methanol. The methanol 
was filtered off, and the product was washed three times each with water, ethanol, and 
acetone, followed by sonication in acetonitrile. 
 
Tiopronin-protected AgNP synthesis 
Silver nitrate (64.9 mg) was dissolved in 30 mL acetonitrile and combined with 
tiopronin (62.7 mg, 1:1 metal:ligand ratio) in 30 mL methanol. A yellow-green gel 
formed immediately, indicating the formation of silver-thiolate complexes. After 3 min 
sodium borohydride (143.2 mg, 10:1 reductant:metal ratio) dissolved in a minimal 
amount of methanol was added to the reaction mixture. Within a few seconds the solution 
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transitioned from yellow-orange to a deep orange-black color indicating the presence of 
nanoscale particles. After a few minutes, the color became black-red, with some 
precipitates on the walls of the flask. The mixture was allowed to stir for 30 min and then 
was transferred to culture tubes for centrifugation. The supernatant was discarded and 
deionized water was added. The sample was transferred to a flask and any remaining 
methanol was removed in a rotary evaporator at <30 °C. The remaining solution was 
dialyzed for 3 days. 
 
Tiopronin-protected PdNP synthesis 
Palladium acetate (101.2 mg) was dissolved in 20 mL acetonitrile and combined with 
tiopronin (36.3 mg, 2:1 metal:ligand ratio) in 10 mL acetonitrile. The mixture formed a 
cloudy orange precipitate within seconds, again indicating the formation of palladium-
thiolate complexes. After 3 min sodium borohydride (168.9 mg, 10:1 reductant:metal 
ratio) was dissolved in a minimal amount of methanol and added to the reaction mixture. 
The solution immediately became black with some precipitation observed. The solution 
was evaporated under vacuum at >30 °C and deionized water was added. The 
nanoparticles were then dialyzed for 3 days. 
 
Gold-thiolate synthesis 
Gold-thiolate complexes were formed by combining tetrachloroauric acid with 3 molar 
equivalents of thiol ligand (glutathione, tiopronin, cysteine, 2-mercaptoethanol, or 
hexanethiol) in dry methanol (Fisher) at 0º C. The product was generally a clear solution, 
turning into a white precipitate over the course of seconds to hours 
27 
In a separate experiment, gold(I)-triphenylphosphinechloride was combined with 
mercaptoundecanoic acid in toluene with some sonication to enhance the solubility of the 
ligand. The solution was clear, with a cloudy white precipitate building over the course of 
several days. 
 
MALDI-TOFMS characterization 
Samples were prepared for MALDI analysis by the dried droplet method.
80
 Tiopronin-
protected AuNPs (3 mg/mL) were combined with DHB (gentisic acid, 0.07 M in water). For 
the hexanethiol-protected AuNPs, 20 µL of a 10 ug/mL solution of AuNPs in methylene 
chloride was combined with 20 µL of a saturated solution of sinapinic acid (Sigma Aldrich) 
in methylene chloride. Gold-thiolate complexes were combined with saturated α-cyano-4-
hydroxycinnamic acid (CHCA, in methanol) and 1% mg sodium chloride. For each sample, a 
1 µL aliquot was deposited on a stainless steel plate. Samples which contained precipitates 
were sonicated immediately prior to spotting. MS analysis was performed on an Applied 
Biosystems Voyager DE-STR with equipped a nitrogen laser (337 nm). Spectra were 
obtained in the negative ion mode for AuNPs, and positive ion mode for gold-thiolate 
complexes. 
 
Electrospray-mass spectrometric (ESI-MS) characterization 
Solutions of approx. 3 mg/mL nanoparticles in 1:1 H2O:MeOH or an Au-thiol mixture 
in toluene were analyzed on Thermo-Finnigan LCQ Classic (Waltham, MA, USA). The 
sample was injected using a syringe pump operating at 4 µL/min. The source and 
28 
capillary voltage were set to 4.5 kV and 9.8 V, respectively, and the capillary temperature 
was 200 °C. Spectra were collected in the negative ion mode.  
 
Results and Discussion 
MALDI-MS analysis of monolayer-protected AuNPs 
For tiopronin-protected AuNPs, the ion products were gold-sulfur clusters forming a 
polymer-like distribution from ~2-15 kDa (Figure 7). The Au:S ratio in these ions ranges 
from 2-3:1, roughly increasing with the mass of the ion. This ratio, which is similar to 
that of intact AuNPs, indicates that the primary fragmentation pathways involve carbon-
sulfur bonds rather than gold-gold or gold-sulfur bonds. The most abundant ion, 
[Au25S12]
-
, is common in mass spectra of Au25(SR)18.
81
 This result suggests that tiopronin 
may form the Au25(SR)18 superatomic cluster in a similar fashion to glutathione
81
 and 
phenylethanethiol.
82
 Below 4 kDa, the pattern becomes convoluted with other 
unidentifiable ions, which may contain a mixture of fragmented and unfragmented 
tiopronin ligands. 
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Figure 7. The mass spectrum of tiopronin-protected AuNPs, obtained in the negative ion 
mode on an Applied Biosystems Voyager DE-STR. The most abundant ions are gold-
sulfur clusters, while ions below ~3 kDa contain some unfragmented thiolate ligands. 
 
Notably, the resolution in this spectrum is poorer than expected (~500 at the base 
peak). The amount of energy deposited in AuNPs by this method is very large, cleaving 
every carbon-sulfur bond and generating a wide array of gold-sulfur fragment ions. Fast 
atom bombardment (FAB), an ionization technique which deposits much higher amounts 
of energy, generates similar gold-sulfur ions.
83
 This suggests UV radiation imparts a 
uniquely high amount of internal energy to the AuNP, generating a wide array of 
fragments with a massive amount of mass lost. It is possible that this fragmentation may 
have a thermal element, since the effective temperature under similar conditions has been 
calculated to be well in excess of 10
4
 K.
84
 Thermal gravimetric analysis (TGA), another 
characterization method for AuNPs, is known to fully desorb the organic ligands, 
including the thiolate headgroups, by heating to temperatures on the order of 10
3
 K over 
the course of 10
4
 s.
28
 The energy deposition and transition to the gas phase under high 
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vacuum is much more rapid during the MALDI process, thus any internal energy in each 
ion would not be dissipated easily. Furthermore, the cleavage of any carbon-sulfur bond 
appears to generate a radical AuNP anion and a neutral tailgroup.
30
 The UV radiation of 
AuNPs and the subsequent cleavage of every carbon-sulfur bond should therefore lead to 
a heavily-charged ion with a very high internal energy. As all ions observed here are 
singly charged, as is common for ions generated by MALDI, each ion may be passivated 
by a number of protons donated by the acidic matrix. This variety in stoichiometry – as 
well as the behavior of the ion in an electric field during extensive gas-phase chemistry – 
likely causes the unusual broadness of each gold-sulfur peak.  
The hexanethiol-capped AuNPs studied exhibited extremely broad peaks centered on 
13, 22, and 28 kDa (Figure 8). These broad peaks correspond to “magic sized” 
Au68(SC6H13)34,
27
 Au102(SC6H13)44,
18,27
 and Au144/146(SC6H13)60/59.
30,32
 (Figure 3) The 
small peak at ~10.5 kDa may correspond to Au55(SC6H13)31.
85
 Because the ions are more 
massive gold-sulfur clusters than those observed from tiopronin-protected AuNPs, there 
should be a greater number of gold-sulfur stoichiometries present, causing extremely 
broad peaks (R ≈ 10).  
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Figure 8. Mass spectrum obtained from hexanethiolate-protected AuNPs. Data was 
smoothed using a Savitzky-Golay (150-point quadratic) method. Data is comparable to 
Figure 3F, an unfractionated sample of dodecanethiolate-protected AuNPs. Broad peaks 
centered at approximately 13, 21, and 28 kDa correspond to gold-sulfur cluster fragments 
of Au68(SC6H13)34,
27
 Au102(SC6H13)44,
18,27
 and Au144/146(SC6H13)60/59,
30,32
 respectively. 
The small peak at ~10.5 kDa may correspond to Au55(SC6H13)31.
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MALDI- and ESI-MS analysis of gold-thiolate complexes 
As discussed in Chapter I, an investigation of the gold-thiolate complexes which serve 
as precursors to the reductive formation of AuNPs may lead to new advances in synthetic 
methodologies, improving product monodispersity and the ability to target specific size 
ranges. In the case of tiopronin-protected AuNPs, recent improvements in understanding 
the stoichiometry and structure of the gold-tiopronin complex has established a way 
forward. Mass spectrometry played a prominent role in the discovery process, elucidating 
the unique tetrameric Au4L4 stoichiometry and pointing to a cyclic structure, as recently 
confirmed by X-ray techniques.
49
 Following on the work of Cliffel and coworkers,
48
 we 
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characterized the complex by MALDI in order to compare its solvated and crystalline 
structure (Figure 9). 
 
Figure 9. Positive ion LDI-TOF mass spectrum of gold-tiopronin complex. The sample 
was taken directly from the synthetic solution. The only peaks corresponding to gold-
tiopronin bonding are the tetrameric ions. The most intense peaks correspond to tiopronin 
disulfides. 
 
A large amount of the signal are organic ions, primarily disulfides. A small portion at a 
higher mass consists of the Au4L4 stoichiometry, coordinated to different numbers of 
sodium atoms. The ligands are not fragmented as observed for the MALDI products of 
AuNPs, pointing to a significant difference in ionization mechanisms and ion internal 
energy despite the similar energy imparted to the sample. 
As a broader experiment, gold-thiolate complexes with a variety of ligands were 
formed and characterized by MALDI-TOFMS. The products of each were a series of 
low-mass complexes, but the stoichiometry of the different complexes differed greatly 
(Table 1). Less-polar ligands and those with a smaller steric profile (alkanethiols and ω-
33 
functionalized n-alkanethiols) appear to prefer larger and more diverse AuxLx-1 
stoichiometries, while bulkier, more polar ligands prefer smaller AuxLx-1 or AuxLx 
stoichiometries. 
 
Table 1. The preference of various gold-thiolate complexes for given stoichiometries, 
measured as a percent of total positive gold-thiolate ion signal obtained by MALDI-
TOFMS for that complex. Bulkier and more polar ligands favor smaller, more discrete 
stoichiometries. Less polar and less bulky ligands prefer larger, more diverse 
stoichiometries. 
 
The influence of ligand sterics likely reflects the variability of the dihedral bond angles 
in the gold-sulfur backbone.
54
 The bulkier ligands force sharper angles, terminating the 
backbone more abruptly. Terminal carboxylic acids or amines may also interact with the 
terminal gold atoms, decreasing the extension of the backbone by inhibiting a gold-sulfur 
interaction. This would have the second effect of making the stoichiometry more discrete, 
as observed. Less bulky and polar ligands will be more likely to extend away from the 
gold-sulfur backbone, permitting longer and more linear complexes.  
34 
A recent report by Lennox and coworkers
86
 investigated the precursor molecules to the 
Brust synthesis
1
 which are formed in toluene. The authors asserted that gold-thiolate 
complexes are not formed in nonpolar solvents. In order to test this assertion, we 
combined gold(I) chlorotriphenylphosphine and one molar equivalent of thiol in toluene 
and observed the products by mass spectrometry. The ions which were generated by 
MALDI and electrospray ionization were all gold-thiolate products with AuxLx+1 
stoichiometries (Figure 10). This establishes the fact that gold-thiolate complexes can be 
formed in a nonpolar solvent. The result obtained by Lennox and coworkers likely 
reflects the interaction of gold with a quaternary amine surfactant, preventing the 
generation of gold-thiolate complexes. 
 
 
Figure 10. Mass spectrum of Au
I
-mercaptoundecanoic acid complex formed in toluene. 
Their Aux(MUA)y stoichiometries are notated (x,y). Each of the ions is coordinated to a 
relatively large number of sodium atoms (2 or 4). An equivalent spectrum obtained 
without matrix assistance is similar, but produces abundant ions with fragmented ligands. 
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Preliminary studies have indicated that Au(III) does not form gold-thiolate complexes 
in toluene in the presence of a tetraoctylammonium (TOA) counterion, but gold 
chlorotriphenylphosphine does form complexes despite the presence of TOA (Table 2). 
Remarkably, this initial evidence suggests that the gold-thiolate complexes formed by 
combining gold chlorotriphenylphosphine and mercaptoundecanoic acid in the presence 
of TOA are stoichiometrically different from complexes formed in the absence of TOA. 
This may shed light on the results of a recent comparison of syntheses with and without 
TOA.
87
 Together, these data indicate that TOA is not as attracted to the less ionic gold 
chlorotriphenylphosphine as to chloroaurate, but still plays a pivotal role in restricting 
gold-thiolate formation in the Brust synthesis. 
 
Table 2. The formation of Au-MUA complexes from various combinations of metal and 
ligand in the presence of a tetraoctylammonium cation. The results indicate that gold-
thiolate complexes can be formed in a nonpolar solvent, but that the TOA cation 
interferes with their formation. 
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Notably, in all mass spectra the gold-thiolate ions observed were coordinated to 
multiple sodium atoms, normally 3 or 4. This was unexpected, since no component of the 
mixture contained any significant amount of sodium. The polar gold-thiolate complex 
appears to attract ionic species from the nonpolar medium, eventually precipitating as a 
cloudy white solid as observed. 
 
ESI-MS analysis of tiopronin-protected silver and palladium NPs 
The mass spectrum obtained from the electrospray ionization of each metal 
nanoparticle is shown in Figure 11. It should be noted that both silver and palladium 
induce a unique isotopic pattern for each metal-thiolate ion, which makes the ions easy to 
distinguish from organic ions. In the case of silver, the isotopic envelope allows 
measurement of the number of silver atoms in the ion, enhancing molecular formula 
assignment.
50
 Nearly all observed ions were metal-thiolate ions, and all were singly 
charged as observed in previous ESI analyses of gold-thiolate complexes.
51
 The lack of 
ligand fragmentation, similar to the gold-thiolate ions generated by MALDI, indicates the 
low internal energy relative to the gold-sulfur ions generated by MALDI. 
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Figure 11. Electrospray-mass spectra of tiopronin-protected silver and palladium 
nanoparticles, obtained in negative mode. The peak notation is x,y, where x is the number 
of metal atoms and y is the number of tiopronin ligands. The general x:y stoichiometry of 
1:1 is similar to that observed in gold, though the ions observed are smaller (i.e., for most 
ions x and y < 4). 
 
The mass spectrum on the left is that of monolayer-protected silver nanoparticles. The 
primarily 1:1 silver:tiopronin stoichiometry is similar to that of gold, as is be expected 
due to their similar chemistries. Such complexes are natively neutral, with the silver 
bearing a formal positive charge and the sulfur of the thiol ligand bearing a formal 
negative charge. However, these complexes are generally smaller than their gold 
counterparts, and display more diverse stoichiometries compared to gold.
48
 
In the case of palladium (II), the results are more surprising. Their d
8
 electronic 
structure, which leads to a +2 formal charge state, should make complexes which are 
more cationic relative to gold and silver. There were no palladium-thiolate observed ions 
in the positive mode, and the negative ions revealed a surprising pattern: each of the 
tiopronin molecules were deprotonated at least once, and some twice. The first 
deprotonation occurs at its most acidic site, the carboxylic acid. The second most acidic 
38 
site on tiopronin is expected to be its central amide bond, though the pKa of this group 
should be relatively high, making the deprotonation surprising. It is possible that the 
palladium may induce some reaction which oxidizes the ligand, removing protons; 
tandem MS analysis proved inconclusive with respect to the possibility of ligand 
modifications. This finding is even more surprising in light of the single charge observed 
on all metal-thiolate ions. Apparently the energy needed to deprotonate a relatively basic 
site such as an amide bond is less than the energy needed to preserve a metal-thiolate 
structure intact with multiple charges. This may be relevant to studies of the electronic 
structures of the metal-thiolate structure, which have indicated an aromatic element along 
the gold-sulfur backbone of analogous complexes
88
 as well as influence over electron 
localization in the organic portion of the ligands,
54
 potentially affecting their acidity. 
From a structural standpoint, the results presented here are highly relevant to any 
understanding of the metal-thiol interface of these nanoparticles. The scarce studies 
which have explicitly taken a metal-thiolate capping structure into account have both 
demonstrated them to be energetically favored. 
 
Conclusion 
The ionization of monolayer-protected metal nanoparticles is unique, producing a 
mixture of unfragmented nanoparticle ions, protecting metal-thiolate complex ions, and 
gold-sulfide clusters, depending on the nature of the nanoparticle and the ionization 
technique. The observation of gold-sulfide clusters, in which all carbon-sulfur bonds have 
been photolytically cleaved, suggests a highly efficient transmission of photon energy to 
the internal energy of the nanoparticle. Nevertheless, low-mass metal-thiolate fragments 
39 
can be observed which have not undergone C-S bond scission, indicating a separate and 
lower-energy ionization pathway which precedes the generation of gold-sulfide clusters. 
Mass spectrometry was also utilized to investigate the presence or absence of gold-
thiolate complexes under various circumstances, leading to new mechanistic insights into 
the seminal synthesis of AuNPs 
 In this chapter, mass spectrometric data has been presented which provides a great deal 
of information on the products of AuNP fragmentation in MALDI and ESI sources, the 
existence of gold-thiolate complexes under various conditions, the determining factors 
for gold-thiolate complex stoichiometry, and the nature of the metal-thiol interface for 
silver and palladium nanoparticles. In addition, the existence of previously unknown 
Au25(Tiopronin)18 clusters is suggested by mass spectral fragmentation patterns. This 
wide range of investigations – including those discussed in Chapter I, such as core size 
and charge measurement – all of which are relevant to metal nanoparticle chemistry, 
illustrates the power of mass spectrometry as an analytical platform. 
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CHAPTER III 
 
ION MOBILITY-MASS SPECTROMETRIC ANALYSIS OF HOMOLEPTIC 
MONOLAYER-PROTECTED METAL NANOPARTICLES 
 
Introduction 
The full characterization of any ligand-protected AuNP, i.e., non-averaging 
measurement of size and molecular composition, is not currently possible in a single 
analytical platform. Mass spectrometry (MS) has shown considerable promise as a 
characterization technique, whereby gold cores less than 2 nm in diameter have been sized by 
MS,
31
 and intact AuNP analysis is theoretically capable of providing both size and molecular 
composition information.
40
 However, AuNP characterization by MS is currently effective 
only for hydrophobic ligand-protected AuNPs up to ca. 2 nm in diameter
44
 and hydrophilic 
AuNPs with 39 gold atoms or less (ca. 1.1 nm in diameter).
89
 The investigation of low-mass 
AuNP fragments (<3000 m/z), such as the Au4(SR)4 ion, is likely to yield a greater 
understanding of the capping structural motifs of AuNPs, as discussed in Chapters I and II. 
Unfortunately, significant chemical noise from synthesis byproducts, other impurities, matrix 
molecules, and fragmented gold-sulfide clusters can create a continuous background signal 
which obscures diagnostically important signals. 
A complementary technique which has been used for the analysis of ligand-protected 
AuNPs in the gas-phase is ion mobility spectrometry (IMS). The physical property providing 
separation selectivity in IMS is ion size, specifically ion surface area. Briefly, in IMS ions are 
injected into a gas-filled drift tube where they experience numerous low-energy collisions 
42 
with a background gas which separates ions based on the ion-neutral collision cross section 
(CCS). Smaller ions elute faster than larger ions which experience more collisions. IMS was 
used for measuring the diameter of ligand-protected AuNPs,
90
 but the majority of IMS work 
relevant to this report has focused on small gold clusters generated from gold surfaces. 
Following the work of Jarrold et al.,
91,92
 in 2002 Kappes and colleagues published two 
reports on positively
93
 and negatively
94
 charged gold clusters (< 25 atoms). The ion CCS of 
each cluster yielded a determination of their respective geometries. The ability to distinguish 
between various three-dimensional geometries for very small gold clusters illustrates the 
structural capabilities of IMS for small inorganic clusters. 
Building on this foundation, we report the first application of combined ion mobility-mass 
spectrometry (IM-MS) to the analysis of ligand-protected AuNPs. By integrating mass and 
ion CCS separation, gold-thiolate ions can be isolated from nearly isobaric but larger organic 
ions (i.e., chemical noise). Furthermore, the structural measurement capabilities of IM-MS, 
which have been well-documented for biomolecules,
95
 could theoretically be applied in order 
to obtain an unprecedented amount of structural information from these ions. Because of the 
two advantages of signal-to-noise enhancement and structural characterization capability, 
IM-MS is well-suited for the study of low-mass fragments generated from ligand-protected 
AuNPs. The samples used in this work consisted of AuNPs protected by tiopronin or 
phenylethanethiolate as well as gold-tiopronin and gold-phenylethanethiolate precursor 
complexes for comparison using MALDI-IM-MS. 
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Experimental Procedures 
Synthesis 
Tiopronin- and phenylethanethiolate-protected AuNPs were synthesized using previously 
reported protocols.
48,57
 The tiopronin-protected AuNPs were found to be 3.0 ± 0.8 nm in 
diameter by transmission electron microscopy. Gold-tiopronin and gold-phenylethanethiolate 
precursor complexes were formed by combining tetrachloroauric acid with 3 molar 
equivalents of tiopronin ([(2-mercaptopropanoyl)amino]acetic acid, Sigma-Aldrich) and 
phenylethanethiol (98%, Aldrich) respectively in dry methanol (Fisher) at 0º C. The gold-
phenylethanethiolate complex aggregated immediately and became insoluble, creating a 
slurry; gold-tiopronin created a cloudy solution. After 30 min., 100 µL aliquots of the gold-
tiopronin solution and gold-phenylethanethiolate complex slurry were collected. 
 
Sample preparation 
Samples were prepared for MALDI analysis by the dried droplet method.
80
 The samples 
were combined with matrix in solution and 0.5 – 1.5 µL of the sample was deposited on a 
stainless steel plate. Tiopronin-protected AuNPs were saturated in 50 µL of deionized H2O 
and combined with 50 µL of dry methanol. Each sample was combined with 30 mg α-cyano-
4-hydroxycinnamic acid (Sigma), and 1 mg sodium chloride (certified A.C.S., Fisher) was 
added to all samples except for the gold-phenylethanethiolate in order to obtain better signal 
from sodium-coordinated species. To a 3 mg sample of phenylethanethiol-protected AuNPs 
was added 100 µL acetone (Fisher) and combined with 30 mg trans-2-[3-(4-tert-butyl-
phenyl)-2-methyl-2-propenylidene]malononitrile (DCTB, Fluka).
40
 Each mixture was 
sonicated immediately prior to spotting on the MALDI plate. 
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Sample analysis 
All spectra were obtained on a Synapt HDMS ion mobility-mass spectrometer (Waters 
Corp., Manchester, UK) equipped with a MALDI ion source. A travelling wave (T-wave)-
ion mobility cell
96
 was utilized for ion mobility separation in nitrogen gas. The ion guide T-
wave was operated at 300 m s
-1
 and linearly ramped in amplitudes ranging from 1-17 V to 5-
20 V for each experiment. The transfer guide T-wave was operated at 248 m s
-1
 with a 
constant 3 V amplitude. Trap and transfer ion injection voltages were set at 6 and 4 V, 
respectively. MassLynx 4.1 software (Waters Corp., Milford, MA) was used for instrument 
control and data processing. 
 
Results and Discussion 
Interpreting IM-MS spectra 
Figure 12 is a diagram of a typical two-dimensional IM-MS spectrum, in which the 
abscissa axis is m/z and the ordinate axis represents drift time, which correlates to CCS. The 
plot can be viewed as a density map, with the upper-left quadrant being low mass and high 
drift time, or effectively low density. The lower right quadrant contains ions of high mass and 
low drift time, thus having a relatively high density. Chemical noise, composed of 
extensively fragmented and adducted organic ions, is present in a band of roughly constant 
density that spans from the lower left quadrant to the upper right. Incorporation of a gold 
atom within the ion increases the mass by 197 Da while increasing the CCS by a small 
amount. This effect creates an ion mobility shift to regions of higher density, similar to the 
effect of covalently bound ion mobility shift reagents utilized by McLean and co-
workers.
97,98
 Greater numbers of gold atoms in the ion impart a corresponding increase in 
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density. The cumulative pattern of gold-thiolate ions in ion mobility-mass spectrometry is the 
presence of multiple bands which are nearly parallel. Each band, counting from left to right, 
corresponds to the number of gold atoms present in the ions of that band. Within a given 
band, ions with a greater number of bound ligands will show up higher in the band, while 
ions with fewer will show up at the bottom of the band. These gold-thiolate ion trend lines 
are slightly inflected with respect to the organic ion trend line. A higher organic content 
dilutes the increased density effect and brings the overall density closer to that of the organic 
ion trend. 
 
Figure 12. An illustration of a typical two-dimensional ion mobility-mass spectrum of 
gold-thiolate ions fragmented from monolayer-protected AuNPs in the ionization source. 
A broad band in the top-left of the spectrum is composed of organic ions. The small 
bands below and to the right of the major organic ion band correspond respectively to the 
number of gold atoms contained in the ions of that band. Ions higher in each band 
correspond to species with a greater number of thiolate ligands, bearing a higher organic 
content. The lowest ions in each band are the products of more extensive fragmentation, 
generally suffering photolytic S-C bond cleavage. 
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Tiopronin-protected AuNPs 
Figure 13A is a two-dimensional plot of positive ions generated from tiopronin-protected 
AuNPs. The gold-thiolate ion species are gold-thiolate complexes, in which the gold and 
sulfur atoms have formal charges of +1 and -1, respectively, although the gold-sulfur bonds 
have a covalent character and the electrons are delocalized throughout the gold-sulfur 
sequence. These ions are products of dissociation from the AuNP surface which are proton- 
or sodium-coordinated, primarily the latter. Negative ions (Figure A 1) are products of 
carboxylic acid deprotonation or C-S thiolate bond cleavage. Methyl esterified ions are also 
present as M+14 peaks. The methyl esterification is present due the high concentration of 
methanol and acid during synthesis. The lower portion of each band is generally composed of 
ions with fragmented ligands, most of which are products of thiolate C-S bond cleavage. A 
wide range of gold/tiopronin stoichiometries can be observed, including ions with much 
larger numbers of gold atoms than thiolate ligands (e.g., Au13(Tio)8); however, the majority 
of ions observed contain an equal amount of gold and ligands, Aux(Tio)x, one less gold than 
ligands, Aux(Tio)x+1, or one more gold atom than ligands, Aux+1(Tio)x. As in previously 
reported work,
51
 these structures have charges of 0, -1, and +1, respectively. 
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Figure 13. Ion mobility-mass spectrum of tiopronin-protected AuNPs in positive ion 
mode (A), and the total (B) and extracted (C) mass spectrum. Extracted signal is from the 
outlined region of the two dimensional plot. The symbols above the ion species in the 
IM-MS plot indicate their assigned structure: ring (○), linear (–), and staple (П).  In panel 
C, species are labeled by their molecular formula x,y for Aux(Tio)y. 
 
It is reasonable to assume that the Aux(Tio)x species is cyclical in light of other 
experimental
49
 and computational
54
 work; the strong preference of these species for x = 4 
suggests a discrete, closed structure. Cycles are known structures for gold-thiolate 
complexes;
17
 among these cycles, tetramers are somewhat favored.
54,99,100
 The Aux(Tio)x+1 
ions correspond to the semi-ring “staple” capping structures which have been intensively 
studied in recent years.
52,55,68
 The structure of the Aux+1(Tio)x species is not as clear, but is 
likely influenced by the same types of structures previously found for the first two motifs. 
For the sake of clarity, these species will be referred to as linear since gold-thiolate 
complexes are known to form linear, open chain structures.
17
  
The most notably absent ion species are staple Aux(Tio)x+1 ions where x > 3. This reflects 
the desorption of staple capping motifs from the AuNP surface, which are known to exist in x 
48 
= 1,2 states crystallographically.
18,32
 The presence of an x = 3 ion species may be evidence of 
the existence of longer staples in tiopronin-capped AuNPs. In comparison, the largest 
Aux(Tio)x and Aux+1(Tio)x species (including ions with ligand fragmentation) have x = 8 and 
9, respectively. These larger ions are much more likely to have ligand fragmentation; the 
largest cyclical and linear ion species with unfragmented ligands are Au6(Tio)6 and 
Au5(Tio)4, respectively. 
The utility of separating chemical noise by IM-MS is illustrated by the signal-to-noise 
enhancement shown in panels B and C. Panel B shows the mass spectrum integrating 
signals over all IM-MS conformation space, i.e., what would be obtained without IM 
separation. Only the high intensity Au4(Tio)4 ion species are visible, but through IM 
separation, signals can be extracted from the gold-thiolate ion region as outlined in Fig. 
3.2A. Note that noise is greatly reduced and low intensity signals can be observed, as 
shown in Fig. 3.2C. Clearly, low intensity signals corresponding to other cyclical, linear, 
and staple species would not be observed in the presence of the continuous chemical 
noise background. In comparison with the negative ion mode spectrum (Figure A 1), the 
preference for the cyclical ion is much stronger. The [Au4(Tio)4+Na]
+
 ion is the most 
abundant among the gold-thiolate ion species.
39,40
 The Au2(Tio)3 and Au3(Tio)4 ion species 
are present in very low abundance, and are the only Aux(Tio)x+1 ion species observed. 
Since the Aux(SR)x+1 species correspond to the only capping motif which has been proven 
to date, their presence in a mass spectrum generated from AuNPs is not unexpected. 
There is evidence in the literature that capping structures can be directly desorbed from the 
AuNP surface: the crystallographically demonstrated Au2(SR)3 staples of the Au25(SR)18 
cluster have been observed by ESI-MS/MS.
51
 
49 
Given that capping motifs can be desorbed from the AuNP surface, the dominance of 
the tetrameric cycle in these spectra raises the possibility of a capping motif different 
from the RS-(AuSR)x complex. In the literature, the tetrameric Au4(SR)4 can be found as a 
neutral loss from small AuNPs,
39,40
 and have been observed on planar Au (III) by scanning 
tunneling microscopy (STM).
52
 The observation of abundant [Au21(SCH2CH2Ph)14]
+
, 
[Au34(SCH2CH2Ph)20]
+
, and [Au64(SCH2CH2Ph)30]
+
 ions,
39
 each reflecting this loss, suggests 
that the elimination of the tetramer may be driven by a common dissociation pathway. The 
natively neutral tetramer can also be observed as an ion through coordination to sodium, as 
revealed in recent tandem MS spectra of the Au25(SR)18 cluster.
51
 Because the structure of 
this cluster is known,
32,58
 the authors noted that the Au4(SR)4 motif is not seen in the crystal 
structure of this cluster. This implied that rearrangement may occur within the cluster prior to 
fragmentation. The tetramer was observed as a product of rearrangement for 
phenylethanethiolate-protected AuNP mass spectra obtained using an ESI source with 
collision-induced dissociation, so we next explored the extent of rearrangement present in the 
phenylethanethiolate-protected AuNP MALDI spectra. 
 
Phenylethanethiolate-protected AuNPs 
Results of the analyses of the structurally characterized Au25(SCH2CH2Ph)18 cluster using 
MALDI-IM-MS are shown in Figure 14. The most prominent peaks correspond to linear 
Aux+1(SCH2CH2Ph)x ion species, the [Au4(SCH2CH2Ph)4]
+
 ion, and a low-abundance 
Au2(SCH2CH2Ph)3 staple ion species. Since previous ESI and MALDI spectra show the loss 
of the tetramer as a neutral, the [Au4(SCH2CH2Ph)4]
+·
 ion abundance in Figure 14 may be 
small compared to the amount of tetramer lost as a neutral. Otherwise, the abundances of the 
50 
ions appear to correspond to the efficiency of cationization, i.e., the natively positive linear 
ion species are high in abundance, while the cyclic and anionic staples are lower in 
abundance. Thus the types and abundances of the ions generated from Au25(SCH2CH2Ph)18 
do not reflect only the crystallographically observed structural components of the cluster,
32
 
implying potential rearrangements during the fragmentation process. It is likely that other 
AuNPs also undergo such rearrangements during ionization. 
 
Figure 14. Positive ion mobility-mass spectrum of phenylethanethiolate-protected AuNPs 
and the extracted mass spectrum (above). The highest intensity ions correspond to linear 
structures, but the tetrameric [Au4(SCH2CH2Ph)4]
+
 is present, as well as the 
Au2(SCH2CH2Ph)3 staple species. 
 
Comparison to gold-tiopronin complexes 
Another aspect of IM-MS is the ability to characterize both gold-thiolate precursor 
complexes and the corresponding AuNPs in positive and negative mode, making this 
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experimental technique a powerful method for the interactions of gold-thiolate complexes 
with the AuNP core. Figure 15 contains spectra generated from the gold-tiopronin 
precursor complex (top) and from tiopronin-protected AuNPs (bottom) in both the 
positive (left) and negative (right) ion modes. A careful analysis of the spectra shown in 
Figure 15 reveals three important patterns. 
 
Figure 15. Extracted mass spectra of gold-tiopronin precursor complexes and tiopronin-
protected AuNPs (above and below, respectively) in positive (left) and negative (right) 
ion mode. Structural assignment and stoichiometries are indicated as in previous figures. 
All assignments in above spectra are applicable to spectra underneath, with notable 
differences marked in the lower spectra. 
 
The first notable pattern observed in Figure 15 is the abundance of the Aux(Tio)x+1 
staple ions. This pattern is significant because, as previously discussed, these ions reflect 
the desorption of protecting gold-thiolate complexes from the AuNP surface without 
rearrangement. While they are not observed in the positive ion spectrum of the gold-
tiopronin precursor complex, they are present in the spectrum of the corresponding 
AuNPs.  Furthermore, in the negative ion mode these staple ions are much more abundant  
from the AuNP surface than from the corresponding precursor complex. Thus, overall the 
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staple ion species are much more abundantly generated from AuNPs than precursor 
complexes. This strongly implies the existence of Aux(Tio)x+1 capping structural motifs 
on the AuNP surface. 
The second pattern observed in Figure 15 is the abundance of the cyclic ions. These ions 
are dominant, being the base peak among the gold-thiolate ions for each spectrum. The 
tetramer is the most abundant in the positive ion mode, in agreement with results obtained by 
an analogous ESI-MS experiment.
48
 This agreement suggests that the dominance of the 
Au4(Tio)4 tetramer in the analysis of the gold-tiopronin complex is not based on sample 
preparation or ionization conditions, and that it is present in both in solution and in the solid 
phase. However, the tetramer is less dominant in the negative ion mode, particularly in the 
spectrum of the gold-tiopronin complex. As the smaller species are much more dominant in 
this spectrum, these species may be products of the fragmentation of the larger cycles into 
smaller species. It is important to note that, in the negative ion spectra, ionization is achieved 
by deprotonation or ligand C-S bond cleavage. 
The final pattern concerns the conditions under which high abundances of these ions are 
observed. The tetrameric cycle, which appears to be the dominant form of the precursor gold-
tiopronin complex, is most abundant in the positive ion mode and in the negative ion 
spectrum of tiopronin-protected AuNPs. The staple ion species, which correspond to capping 
structural motifs which have been both predicted from theory
55,66,68
 and observed 
experimentally,
18,32,52
 are also abundant in the spectra generated from AuNPs, particularly in 
the negative mode. Thus, it appears that negative ion products from AuNPs reflect more 
accurately the capping motifs of AuNPs, while positive ion products reflect a rearrangement 
that favors precursor-like ions. It may be significant to note that the linear ion species, which 
53 
could possibly represent staple structures with the two “anchoring” gold atoms desorbed 
together, are more abundant in the negative ion spectrum of the AuNPs. The high abundance 
of the linear ion species in this spectrum is particularly unexpected considering its natively 
positive charge. While the negative ion products largely reflect desorption with less 
rearrangement, the abundance of the negatively charged tetramer generated from AuNPs is 
noteworthy. 
Given the abundance of tetrameric and larger ions observed in our studies, it is possible 
that larger AuNPs have larger substructures as capping motifs than the conventional 1 and 2 
gold staples currently seen in the crystal structures of small AuNPs. Tetrameric species were 
observed on Au (111) by Voznyy et al. using STM.
52
 Grönbeck et al. reported density 
functional calculations that compared a variety of capping structural motifs, including the 
cyclical tetramer, open linear chains, and staples with regard to their relative energies.
55
 The 
cyclic tetramer was 0.53 eV/unit cell higher in energy than the staple capping motif, 
suggesting the preference for staple motifs. However, the energy difference between cis- and 
trans- orientations for staples with short SCH3 ligands was calculated to be 0.69 eV/unit cell. 
This suggests that ligand interactions may have a substantial effect on the potential energy 
landscape of gold-thiolate capping motifs. While the typical ligand used for computational 
studies has been methanethiolate,
52,55,68
 the hydrophilicity and hydrogen bonding availability 
of tiopronin should increase the degree of ligand interactions, and the corresponding effect on 
the gold-sulfur structures which support them. 
More recent evidence supports the idea of capping structure heterogeneity. Crystal 
structures have been achieved for clusters with a uniform monolayer of Au(SR)2 or Au2(SR)3 
staples, but recent mass spectrometric reports on a larger AuNP have observed multiple 
54 
molecular formulae for what was thought to be a single, discrete “magic size:” Au144(SR)59,
44
 
Au144(SR)60,
22,37
 and Au146(SR)59.
22
 The close proximity of these assignments suggests that 
the difference between them may be in part from differences in the capping structural motifs. 
Indeed, tandem MS of the Au146(SR)59 cluster revealed a product ion corresponding to a loss 
of Au2(SR)3,
22
 a staple structure not predicted for the Au144(SR)60 cluster.
21
 In addition, the 
Au68(SR)34 cluster has been predicted to be formulated as 
Au19+30(Au(SR)2)11(Au2(SR)3)4; i.e., an Au core with 11 Au(SR)2 staples and 4 Au2(SR)3 
staples. In light of the emerging evidence for capping structural heterogeneity, it is possible 
that cyclical and staple capping motifs could be present on the AuNP surface together for 
larger AuNPs. 
 
Conclusion 
We have demonstrated the capability of MALDI-IM-MS to analyze low-mass fragments 
generated from thiolate-protected AuNPs. This study underscores the advantages of structural 
separation prior to MS, and also provides a foundation for the facile characterization of 
thiolate-protected AuNP surfaces and gold-thiolate complexes.  These surfaces are difficult to 
characterize using traditional experimental methods. This report highlights some of the 
advantages of the IM-MS approach by analyzing the product ions of thiolate-protected 
AuNPs and gold-thiolate complexes. We have demonstrated how the energetic ionization of 
AuNPs in the MALDI process produces positive fragment ions which are nearly identical to 
the gold-thiolate precursor complex. These similarities reveal an unexpected but rational 
reversal of the reduction of the precursor complex, and highlight the role of gold-thiolate 
complexes in the capping of AuNPs. The negative ions generated in the same process more 
55 
strongly correlate to capping structural motifs that are well-established in the literature. Using 
this technique, we have explored capping structural motifs of larger, hydrophilic AuNPs, 
revealing known staple capping motifs and possible cyclical capping structures. 
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CHAPTER IV 
 
STOICHIOMETRIC ANALYSIS OF LIGAND MIXTURES IN MONOLAYERS 
ON GOLD NANOPARTICLES 
 
Introduction 
The inclusion of multiple functionalities within the same monolayer is becoming 
increasingly important for AuNP applications. The most common route to mixed-
monolayer AuNPs involves synthesizing monolayer-protected AuNPs with a given ligand 
X, followed by a ligand exchange reaction in which an alternate ligand Y is added. In the 
simplest cases, ligand X is chosen for reproducible syntheses and nanoparticle solubility, 
while ligand Y bears a functionality chosen specifically for the desired application. For 
example, peptides,
101
 glycans,
102
 and DNA
103
 give specific biological functionality, 
poly(ethylene glycol) has been used for solubility modification,
104
 and ligands with 
conjugated functionality yield enhanced conductivity.
105
 The rate, extent of exchange, 
and even the placement of exchanged ligands on the AuNP surface
106
 can be controlled 
through a number of experimental parameters: exchange time, choice of initial and 
alternate ligands, AuNP and ligand concentrations,
46
 temperature, and AuNP oxidation 
state.
107
 Other modification routes for monolayer-protected AuNPs involve ligand 
coupling reactions, such as those involving amide bond formation.
101
 
Efficient analytical characterization strategies are a necessary counterpoint to these 
advanced synthetic and modification techniques,
108
 providing experimental feedback for 
protocol fine-tuning and ensuring that the final AuNP product is ready for use. 
57 
Unfortunately, the rapid development of synthesis and modification methodologies has 
highlighted the weaknesses of current characterization strategies. Most of these methods, 
such as high-performance liquid chromatography (HPLC), infrared (IR) spectroscopy, 
and nuclear magnetic resonance (NMR) spectroscopy, measure based on ligand 
functionalities. This dependency makes each of these techniques impracticable for ligand 
mixtures which do not have extremely different functionalities. Furthermore, in the case 
of HPLC and IR, resolution and sensitivity limit the relative quantitation to rough 
estimates.
109,110
 
Among these three, NMR has the most quantitative capacity, and therefore is the 
dominant technique in the characterization of mixed-ligand AuNPs. After identifying at 
least one fully-resolved and ligand-specific peak for each ligand in the mixture, the 
relative peak areas can be compared to obtain the relative quantity of each ligand.
47
 
However, in some cases, peak assignment can be complicated by interactions between the 
ligand and the gold core.
28
 Specifically, characteristic peaks for an unbound ligand 
become shifted, broadened, and in some cases split when the same peak is bound to an 
AuNP.
111-113
 The shifting and splitting of peaks increases the potential for erroneous 
assignments. The broadening of peaks leads to increased signal convolution, especially 
for large, complex, or structurally similar ligands. One way to enhance the deconvolution 
of the peaks is to oxidize the monolayer-protected AuNPs by the addition of iodine, 
which results in dissociation of all ligands as disulfide species. However, peak 
convolution still remains for many ligand combinations, and the proton signals closest to 
the disulfide linkage will be shifted yet again. Thus even under optimal conditions for 
58 
NMR measurements – dissociative oxidation and ligands with sufficiently unique 
functionalities – precise quantitation can be difficult. 
One alternative strategy to NMR for the analysis of mixed monolayer-protected AuNPs 
is mass spectrometry (MS). Two different approaches have been reported: the ionization 
of thiols and disulfides dissociated from the AuNP surface,
114-116
 and the ionization of 
intact AuNPs.
22,40,46,51,117
 The ionization of thiols and disulfides from AuNPs follows on a 
large body of work using LDI to study self-assembled monolayers on two-dimensional 
gold surfaces.
118
 This appears to be an effective method to identify the presence of an 
AuNP bearing a given thiol by observing certain “mass barcodes,”114 but this strategy is 
only semi-quantitative.
116
 Moreover, the presence of any residual disulfides from AuNP 
synthesis or modification can bias quantitative measurement of the bound ligands. The 
low mass of these molecules places the signal in an inherently noisy portion of the mass 
spectrum and effectively prohibits any potential use of an assisting matrix. This matrix, 
while not necessary for these analyses, provide a softer ionization technique with greater 
sensitivity and less ligand fragmentation, which is prone to take place at the carbon-sulfur 
bond of the thiol.
119
  
The MS analysis of intact AuNP ions is a powerful method for the absolute 
quantitation of ligands on the AuNP surface, with the ability to simultaneously analyze 
the ligands and the core without population averaging. Each distinct population of AuNPs 
with different amounts of ligand exchange (e.g., Aun(SR)x(SR’)y, Aun(SR)x+1(SR’)y-1…) 
can be observed and quantified directly, enabling the measurement of exchange 
dispersity.
46
 Unfortunately, this strategy is predicated upon the ability to obtain intact, 
unfragmented AuNP ions. This is a severe limitation, since the ionization of intact 
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AuNPs has only been accomplished for small (<1.7 nm core diameter) monolayer-
protected clusters (MPCs).
119
 Water-soluble AuNPs are particularly prone to 
fragmentation, perhaps due to increased Coulombic forces. Because of these problems, 
mass spectrometric analysis of intact AuNPs is not currently a viable strategy for the 
characterization of the larger AuNPs (> 1.7 nm) which are used in many applications, 
particularly those which are water-soluble. 
In this report we describe the use of structural separations by ion mobility-mass 
spectrometry (IM-MS) for the relative quantitation of ligands on AuNPs, a rapid and 
facile strategy for the characterization of mixed-ligand AuNPs (Figure 16). As with other 
MS-based methods, each ion has a unique mass depending on the number and identities 
of the thiolate ligands within the ion. However, there are distinct advantages of our 
strategy over NMR and other MS quantitation strategies. With regards to NMR 
spectroscopy, this method is not limited to ligand mixtures with different functionalities, 
since measurements are based on ligand mass. This strategy is therefore useful for a wide 
range of hydrophobic and hydrophilic ligand mixtures, from peptides and poly(ethylene 
glycol) to small molecules. Compared to MS techniques, the addition of IM separation 
appears to have two beneficial effects. The first, the separation of gold-thiolate ions from 
organic ions confirms the identities of observed ligands as being bound to the AuNP 
surface, enhancing the signal-to-noise ratio and eliminating quantitative measurement 
bias from free thiols or disulfides.
50
 The second is an apparent preservation of diverse 
gold-thiolate ions from disintegration, perhaps through greater collisional cooling of the 
gold-thiolate ions.
120
 Since gold-thiolate ions are generated from small MPCs and larger 
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AuNPs (>1.7 nm) alike,
50
 this quantitation strategy is useful for the characterization of 
AuNPs which cannot be ionized intact for MS analysis. 
 
Figure 16. An experimental design for the relative quantitation of ligand mixtures. 
Portions of the protecting gold-thiolate monolayer are desorbed from the AuNP surface, 
ionized, and observed by IM-MS. Using data processing, the observed ions allow a 
measurement of the relative amounts of each ligand in a mixture in the monolayer of the 
AuNP. 
 
Experimental Procedures 
Reagents 
Methanol (Fisher, 99.9%), ethanol (Optima, Fisher), acetone (>99.5%, Sigma-Aldrich), 
acetonitrile (>99.5%, Sigma-Aldrich), toluene (HPLC grade, Fisher), chloroform 
(≥99.8%, Sigma-Aldrich), acetic acid (glacial, Fisher), L-glutathione (reduced, Sigma-
Aldrich, 99%), N-(2-mercaptopropionyl)glycine (tiopronin, Sigma-Aldrich), glacial 
acetic acid (certified ACS, Fisher), sodium chloride (certified ACS, Fisher), sodium 
borohydride (98+%, Acros), tetraoctylammonium bromide (TOABr, Fluka), octanethiol 
(98.5+%, Aldrich), decanethiol (96%, Aldrich), 11-mercaptoundecylpoly(ethylene 
glycol) (MUPEG, Sigma-Aldrich), trans-2-[3-(4-tert-butyl-phenyl)-2-methyl-2-
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propenylidene]malononitrile (DCTB, Fluka), 2 nm “bare” AuNPs (nanoComposix), and α-
cyano-4-hydroxycinnamic acid (CHCA, Sigma-Aldrich) were used as received. 
 
Tiopronin AuNP Synthesis 
Tetrachloroauric acid (HAuCl4•3H2O) was combined with three equivalents of 
tiopronin in 85:15 MeOH:acetic acid at 0 ºC. The solution was stirred for 3 hours, after 
which sodium borohydride was added in a 10:1 NaBH4:Au molar ratio. The nanoparticles 
were dialyzed for 3 days until observed to be clean by NMR spectroscopy, that is, free of 
any narrow peaks indicative of unbound tiopronin or other organic molecules. 
 
Octanethiol AuNP Synthesis 
Tetrachloroauric acid (HAuCl4•3H2O) was dissolved in deionized water and combined 
with a slight molar excess of TOABr in toluene. Once the gold was completely 
transferred to the organic layer (evidenced by a red organic layer and clear aqueous 
layer), the aqueous layer was removed and three equivalents of octanethiol were added. 
After the solution became clear, 10 equivalents of NaBH4 were dissolved in cold 
deionized water and added to the solution. The generated nanoparticles were precipitated 
in methanol. The methanol was filtered off, and the product was washed three times each 
with water, ethanol, and acetone, followed by sonication in acetonitrile. 
 
Ligand Exchange 
For mixed tiopronin:glutathione monolayer-protected AuNPs (Tio:GS AuNPs), 
unexchanged Tio AuNPs were combined with glutathione in deionized water or borate 
62 
buffer, depending on the solubility of the product. For tiopronin:11-
mercaptoundecylpoly(ethylene glycol) (Tio:MUPEG) AuNPs, unexchanged Tio AuNPs 
were combined with MUPEG in deionized water. Octanethiol (OT) AuNPs were 
combined with decanethiol in chloroform. For each experiment, the time scale of the 
ligand exchange and the concentrations of the AuNPs and alternate ligand were varied in 
order to produce AuNPs with a wide range of ligand:ligand ratios (Table A 1). 
 
Characterization 
Transmission electron microscopy (TEM) images were obtained on a Phillips CM20 
electron microscope. Thermal gravimetric analysis (TGA) was performed on an ISI TGA 
1000 (Instrument Specialists Inc., Twin Lakes, WI). UV-Vis spectra were obtained on a 
Cary 100 Bio UV-Vis spectrophotometer in the range of 350-700 nm. Four samples of 
Tio:GS AuNPs were analyzed on an Applied Biosystems Voyager DE-STR with 
equipped a nitrogen laser (337 nm). Average molecular formulas were calculated as 
described elsewhere.
60
 Briefly, the number of gold atoms per AuNP is calculated from 
the average diameter as measured by TEM, and the number of ligands is calculated from 
the percent mass lost measured by TGA. 
 
Quantitative NMR Analysis 
Tio:GS AuNPs were dissolved in D2O and analyzed on a 400 MHz Bruker NMR, 
collecting at least 40 scans with a d1 delay of 1.5 seconds.  A double WATERGATE 
pulse program was used for water suppression. The amount of tiopronin and glutathione 
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present on the nanoparticles was measured by comparing deconvoluted peak areas 
(Figure A 5). 
 
Sample Preparation and IM-MS Analysis 
Eight samples of Tio:GS AuNPs with different degrees of ligand exchange were 
obtained. A saturated sample of each in 10 µL deionized H2O was combined with 100 µL 
of saturated CHCA and 1% NaCl in MeOH or an H2O:MeOH mixture, depending on 
AuNP solubility. Six of these samples were soluble in these solutions, and were 
independently prepared and analyzed in duplicate to estimate preparation and 
instrumental variability. The remaining two samples, those with the highest glutathione 
abundance, were poorly soluble together with the matrix, and were thus prepared and 
spotted as slurries. A 1 µL portion of each was deposited on a stainless steel plate using 
the dried droplet method,
80
 with sonication immediately prior for the poorly soluble 
samples. Tio:MUPEG AuNPs were prepared in the same manner.  
For OT:DT AuNPs, the sample was dissolved in acetone and combined with DCTB 
matrix in an approximately 400:1 matrix/analyte ratio. All MALDI-IM-MS analyses were 
performed using a Synapt HDMS (Waters Corp., Manchester, UK), equipped with a 
frequency-tripled Nd:YAG (355 nm) laser operated at a pulse repetition frequency of 200 
Hz. All spectra were acquired in the positive ion mode at laser energy settings 
approximately 10% above threshold values. 
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Peak Identification and Assignment 
Gold-containing ion signals were extracted and identified using the MassLynx 4.1 
(Waters Corp.) software package. Processed spectra were exported to Microsoft Excel, in 
which a custom spreadsheet was constructed for the remainder of the data processing. A 
template of this spreadsheet is available in Supporting Information. Each spectrum was 
compared to a list of possible m/z values constructed from expected gold-thiolate peaks. 
This list contained monoisotopic ions following the three stoichiometries identified 
previously, namely: Aux+1Lx, AuxLx, and AuxLx+1.
50 
Within these stoichiometries, an 
appropriate list of permutations was constructed with every possible combination of 
ligands and modifications such as sodium coordination and methyl esterification. Protons 
were added or subtracted as necessary to achieve a +1 charge state. Each processed 
spectra was filtered by abundance, with any signal below 1% relative abundance with 
respect to the base peak discarded in order to reduce false positive identification. The 
remaining peaks were compared to the expected gold-thiolate ion list. Any observed peak 
within 30 ppm mass accuracy of an expected peak were matched and used for 
quantitation. 
As with any automatic peak matching strategy, there can be some erroneous 
assignments for samples which are more complex, such as those with more diverse ligand 
mixtures, multiple alkali metals, or more possible modifications. As such, making the 
expected peak list as parsimonious as possible reduces false positive identifications. For 
AuNPs with hydrophobic ligands, the gold-thiolate complexes can undergo apparent 
electron loss rather than proton or sodium coordination leading to ionization, yielding 
radical cationic species. Thus it is useful to check the results of the matching against the 
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original IM-MS spectrum when first attempting to quantify the ligands. The number of 
gold atoms in any given ion can be rapidly assessed,
50
 providing a simple method to 
check the accuracy of most assignments. Once any necessary adjustments have been 
made to the expected gold-thiolate ion list, subsequent analyses can generally be 
performed in a few minutes. 
 
Data Processing for Quantitation. 
Since the expected peak list was generated with monoisotopic ions, matched peaks 
were normalized to the expected monoisotopic abundance for each respective ion. This 
method was chosen since isotopic resolution was achieved throughout each spectrum, and 
for more complex samples the isotopic patterns were regularly convoluted by multiple 
peaks within several m/z units of each other. After this normalization, Eqn. 1 was used: 
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For a nanoparticle with a binary ligand mixture, X and Y, the term on the left denotes 
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The calculated overall percent coverage of ligand X would be 40%. In the spreadsheet, 
this was performed by calculating the sum of the numerator and denominator of the 
fraction separately, then dividing to obtain the final percent coverage. A sample 
spreadsheet is available in the Supporting Information. 
 
Results and Discussion 
Nanoparticles with tiopronin (Tio) and octanethiol (OT) protecting ligands were 
synthesized and characterized by TEM (Figure A 2), UV-Vis (Figure A 3), and TGA 
(Figure A 4) in addition to IM-MS as described here. Tio AuNPs had an average core 
diameter of 2.5 ± 0.6 nm, and the OT AuNPs had an average core diameter of 3.6 ± 1.5 
nm. Six samples of mixed octanethiol:decanethiol (OT:DT) AuNPs with various OT:DT 
coverage ratios were characterized, in addition to unexchanged OT AuNPs (Table 3). 
This set of ligands was chosen for two reasons. The first is to illustrate the effect of 
varying ligand ratios on the mass spectrum of the gold-thiolate ions. The second is to 
demonstrate the use of IM-MS for a sample in which NMR cannot effectively distinguish 
between the two ligands. In such cases, NMR cannot be used for quantitation 
measurements. 
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Table 3. All mixed monolayer-protected AuNPs characterized in this chapter and the 
ligand composition of each as measured by NMR or MALDI-IM-MS. For all IM-MS 
measurements, relative ligand abundances were measured using all observed gold-
thiolate ions. The structures of tiopronin and glutathione are shown in the bottom portion. 
 
Octanethiol:decanethiol AuNPs 
Figure 17A presents a typical two-dimensional IM-MS plot, generated from 38:62 
OT:DT AuNPs. As described in our previous report,
50
 the two dimensions of ion drift 
time (ordinate axis) and m/z (abscissa) roughly form a density plot, in which large, lighter 
ions appear higher and to the left, while smaller, heavier ions appear lower and to the 
right. Because of the high mass and relatively low cross-section of gold atoms, gold-
thiolate ions appear in a high-density portion of the two-dimensional plot, separate from 
the lower-density organic ions. In the mass range investigated here, the organic ions 
visible in Figure 17A have not been identified, but the regular spacing of the ions 
suggests that the ions are large clusters of free ligands, disulfides, and/or matrix 
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molecules which have undergone fragmentation or rearrangement processes. The number 
of possible permutations for these ions is indicated by the continuous nature of the 
organic ion signal in Figure 17A, in which very few ions stand out. The separation of 
gold-thiolate ions from these organic ions, which can be termed chemical noise, markedly 
increases the signal-to-noise ratio for the extracted gold-thiolate mass spectra.
50
 This 
separation of gold-thiolate ions from organic contaminants is particularly significant for 
the routine characterization of AuNPs, since it virtually eliminates interference due to 
matrix, residual reagents, or modification materials. Thus extensive sample purification is 
not required as it is for other characterization methods. 
 
Figure 17. Ion mobility-mass spectra and extracted mass spectra for OT:DT AuNPs. 
Panel A reveals the separation of gold-thiolate ion signal from organic chemical noise. 
Panel B shows a portion of the extracted mass spectra, highlighting the Au4L4 
stoichiometry, for four AuNP samples with varying OT:DT ligand coverage. The five 
peaks, corresponding to different numbers of OT and DT (x), roughly form a binomial 
distribution which reflects the overall coverage of OT and DT on the AuNP. 
 
The most abundant gold-thiolate ions in Figure 17A are species with the Au4L4 
stoichiometry, as seen in previous MALDI and ESI analyses of low-mass AuNP 
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fragments.
48,50,51,121
 These ions are shown after extraction in Figure 17B. The lowest mass 
spectrum in Figure 17B is that of unexchanged OT AuNPs, and those above represent 
AuNPs with higher DT abundance (shown along the ordinate axis). The transition from 
homogeneous to heterogeneous ligand mixtures can be observed in the emergence of 
serial, uniformly spaced peaks within the Au4L4 stoichiometry, reflecting the five 
permutations of OT:DT mixtures in the four ligands of the ion. The increased amount of 
DT leads to the emergence of higher-mass peaks with increased numbers of DT ligands 
indicated across the top of the panel. The abundance of each peak varies with the overall 
abundance of OT and DT on the AuNP surface, forming a distribution which roughly 
follows the binomial model in a similar fashion to that found in intact AuNP ions by 
Murray and coworkers.
46
 
 
Tiopronin:glutathione AuNPs 
A second experiment using tiopronin:glutathione (Tio:GS) AuNPs allows for 
experimental validation with a more complex, and therefore potentially more error-prone 
sample. Since tiopronin and glutathione can be easily distinguished in an NMR without 
iodine-induced ligand dissociation, the same sample can be characterized by NMR and 
MALDI-IM-MS. In this case, the many permutations of possible ion modifications, 
namely cation coordination and esterification,
50
 make the spectra much more complex 
than that shown in Figure 17. Eight samples of Tio:GS AuNPs were characterized in 
addition to unexchanged Tio AuNPs (Table 3). The results from the analysis of 56:44 
Tio:GS AuNPs are shown in Figure 18. The upper portion is the mass spectrum of the 
extracted gold-thiolate ion region after software processing as described in the 
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experimental section. The mass spectrum is shown after this processing in order to clearly 
differentiate between ions used in the quantitation calculations (black) and those which 
are not (red). Even in a relatively complex mass spectrum, a large majority of the ion 
signals can be identified. Many of the ions which were not considered were products of 
C-S thiolate bond cleavage, thereby being rendered unusable in quantitation calculations. 
 
Figure 18.  Ion mobility-mass spectrum of 56:44 Tio:GS AuNPs, and a mass spectrum 
showing the peaks from the extracted gold-containing region (above). Black peaks 
represent ions which were used for the quantitative calculations, red peaks were 
disregarded. The Au4L4 ions with different numbers of tiopronin and glutathione (x) are 
indicated by brackets. 
 
By using the calculations detailed in the experimental section, the spectrum for each 
Tio:GS AuNP was used to calculate the Tio:GS ratio in the protecting monolayer. Each 
spectrum was processed identically by comparing the extracted and calibrated mass 
spectrum to a peak list generated from all expected gold-thiolate ions. The tiopronin 
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AuNP sample served as a control, since any peaks which were identified as containing 
glutathione would be erroneous. This allows for a rough estimate of error estimated in the 
abundance ratios that are obtained due to false identifications, in this case 1.4%. 
 
Comparison of relative abundance measurements to NMR 
A parallel NMR experiment was performed using the same samples, by measuring the 
integrated intensity of peaks corresponding to tiopronin and glutathione in the 
1
H NMR 
spectrum (Figure A 5). Two methods were used to compare the NMR and MALDI-IM-
MS measurements. In the first (Figure 19A), a regression plot measures the amount of 
correlation between the two strategies. The closeness of the regression to a line of 
equality (slope of 1, intercept of 0) is remarkable. The second and more useful method is 
a Bland-Altman plot (Figure 19B),
122
 which is used to compare a new measurement 
strategy against an existing standard. As one might expect from the regression plot, the 
average difference between NMR and IM-MS measurement is less than 1% in terms of 
glutathione abundance. The limits of agreement for the two techniques are -3.0 to 3.5% 
molar percentage. The good agreement between these two techniques is particularly 
striking since the two quantitation strategies focus on different physical properties: proton 
magnetic moment and angular momentum for NMR, and the abundance of fragmented 
and ionized gold-thiolate complexes for MALDI-IM-MS. 
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Figure 19. Two plots comparing NMR and MALDI-IM-MS measurements of Tio:GS 
ratios, expressed as a molar percentage of glutathione. Panel A is a simple regression plot 
comparing IM-MS results (ordinate) to those obtained by NMR spectroscopy (abscissa). 
The measurements are closely correlated regression is near the line of equality (slope of 
1, intercept of 0), the dashed lines indicate the 98% confidence interval. Error bars 
represent ±1σ (n = 2). Panel B is a Bland-Altman plot showing the difference between the 
IM-MS and NMR measurements (ordinate) for each sample against the average between 
the two measurements (abscissa). The average difference between the two measurements 
and their limits of agreement (± 1.96σ) are shown as lines. 
 
The ions with Au4L4 stoichiometry were the most abundant for all the AuNPs 
characterized in this study (Figure 17 & Figure 18). It was observed that roughly similar 
quantitative results could be obtained from these ions alone, raising the possibility of 
using this limited data set to match with greater speed and lower false identification 
probability. Regression and Bland-Altman plots were generated for comparison of NMR 
measurements and IM-MS measurements using only Au4L4 ions (see Figure A 6). 
Briefly, the correlation between the two measurements was poorer (R
2
 = 0.988) and the 
limits of agreement were broader (-4.0% to 10.2%, 3.1% average difference between 
NMR and IM-MS).  
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In addition to OT:DT and Tio:GS AuNPs, tiopronin:11-mercaptoundecylpoly(ethylene 
glycol) (Tio:MUPEG) AuNPs were quantitatively analyzed in order to demonstrate the 
use of this technique with PEGylated ligands (Figure A 7), which are commonly used in 
vivo.
123,124
 The results of the quantitative analysis are shown in Table 3. Since the 
diagnostic NMR spectroscopic peaks were convoluted, validation experiments could not 
be successfully performed for the OT:DT and Tio:MUPEG AuNPs. It is also relevant to 
note here that corrections for ionization efficiency cannot be made, but differences in 
ionization efficiencies for these ligands are not expected to be significant.
46
 For ligand 
combinations with more extreme differences in ionization efficiency than those shown 
here, the accuracy of this method will doubtless be decreased. 
The best method for validation will be an entirely different technique which functions 
independently of these complexities, namely NMR spectroscopy. For Tio:GS AuNPs, no 
evidence was found for significant differences in ionization efficiency. For all AuNPs, it 
was observed that the relative abundance of the alternate ligand increased with greater 
exchange time, higher AuNP concentrations, and greater alternate:original ligand feed 
ratios as expected, with no anomalous behavior (Table A 1). 
 
Comparison to one-dimensional mass spectrometry 
It is worthwhile to compare these results to those obtained using MS without ion 
mobility separation. In a parallel experiment, some of the Tio:GS AuNPs were analyzed 
in a mass spectrometer using the same preparative protocol. Gold-thiolate ions were not 
observed for the 46:54 and 4:96 Tio:GS AuNPs, and only a single gold-thiolate ion 
species was observed for 14:86 and 56:44 Tio:GS AuNPs (Figure A 8). This is a strong 
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difference from our IM-MS strategy, for which every monolayer-protected AuNP studied 
has produced a significant amount of gold-thiolate ions. One possible cause for this 
difference may be the higher pressures utilized in the source and travelling wave regions 
of the IM-MS instrument. The operating source pressure was on the order of 10
-2
 Torr in 
the Synapt IM-MS instrument, compared to <10
-6
 Torr for the Voyager. At higher source 
pressures the collisional cooling of ions is increased,
120
 dissipating the internal energy of 
the gold-thiolate complexes and reducing the tendency towards ion fragmentation or 
decay. To ensure that the additional pressure did not produce gold-thiolate ions in a gas-
phase reaction, a control experiment was performed in which bare gold AuNPs and free 
tiopronin ligand were spotted together on the stainless steel plate and immediately dried, 
preventing any significant amount of gold-ligand binding in solution. Analysis of the 
dried mixture by IM-MS revealed no gold-thiolate ion signal (Figure A 9). 
It is also possible to investigate gold-thiolate ions generated by tandem MS without ion 
mobility separation, as demonstrated by Murray and coworkers.
51
 However, the use of 
tandem MS requires precursor ion selection, at which point the absolute ligand 
abundances would likely already be known. Furthermore, in this approach the 
fragmentation product ions do not appear to accurately reflect the relative ligand 
abundances of the precursor MPC ion.
51
 This may be due to differences between MALDI 
in-source decay and CID-promoted fragmentation pathways, the differences between the 
fragmentation of small, “magic-sized” clusters and larger AuNPs, or the difference in 
pressure and collisional cooling leading to the preferential decay of some ions, as 
suggested by our MS results (Figure A 9). 
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Many other ligand mixtures have been successfully characterized stoichiometrically. 
To name a few especially relevant examples, binary mixtures of tiopronin with two 
different peptide epitopes (RGD and a portion of the protective antigen of B. anthracis), 
mixtures of alkanethiolates with highly conjugated “molecular wires,” and a quaternary 
cysteamine:glutathione:para-mercapobenzoic acid:3-mercaptopropanesulfonic acid 
system used by Feldheim and coworkers to identify antibiotics
125
 were all successfully 
analyzed and quantified using the protocol described here. These results are shown in 
Figures A10-A12. Many of these ligand mixtures cannot be quantified by any other 
analytical method. 
 
Conclusion 
In this report we have demonstrated the use of MALDI-IM-MS for the relative 
quantitation of AuNP-bound thiolate ligands for AuNPs with three different binary ligand 
mixtures (Tio:GS, OT:DT, and Tio:MUPEG). Results for Tio:GS AuNPs are validated by 
NMR spectroscopy, revealing less than 1% deviation in relative abundance between the 
two techniques. AuNPs with OT:DT and Tio:MUPEG ligand mixtures were analyzed by 
MALDI-IM-MS for quantitation purposes, an analysis that is difficult or impossible using 
NMR quantitation strategies. Comparison with a normal MS platform reveals that the 
diverse gold-thiolate ions observed here are not observable by MS. Thus, a strategy based 
on MALDI-IM-MS is uniquely capable of discriminating for a wide variety of gold-
bound ligands and measuring their relative abundances. This general mixed-ligand AuNP 
characterization strategy should be scalable to the synthesis and characterization of a 
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broader class of complex mixed monolayer-protected AuNPs, as evidenced by a 
preliminary examination of quaternary ligand mixtures. 
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CHAPTER V 
 
IDENTIFICATION OF SUPRAMOLECULAR STRUCTURES 
 
Introduction 
The ligands on monolayer-protected gold nanoparticle (AuNP) surfaces are known to 
be capable of spontaneously separating into nanoscale domains
25
 based on ligand-ligand 
interactions and entropic energy gains,
63
 creating uniquely organized nanomaterials. This 
organization can be harnessed to generate unique physical and chemical properties, from 
nonmonotonic solubility
126
 to non-destructive membrane transport.
26
 Understanding these 
unique properties and the driving forces behind microphase separation requires a 
methodology for characterizing the patterning of ligands on the AuNP surface. 
Beyond the measurement of these unique physical processes and properties, AuNPs 
with reproducibly ordered surfaces are a versatile and powerful scaffold for use in 
biological systems.
127,128
 In this context, AuNPs are somewhat analogous to a 
biomacromolecule, with a highly tunable nanoarchitecture inducing specific chemical 
interactions. Because of this, AuNPs with a mixture of ligands in the protecting 
monolayer have quickly emerged as a new class of drugs with a vast range of 
combinatorial chemistry possibilities.
125
 Specific ligand combinations could form 
supramolecular assemblies with biological activity unique to the mixed-ligand AuNP, but 
unfortunately there is no available experimental strategy for observing the presence or 
absence of these assemblies. As with any application targeted to a biological system, a 
characterization protocol which gives molecular detail for a wide variety of ligand types 
78 
is required.
108
 Established techniques for characterizing AuNPs with discrete 
supramolecular structures, such as scanning tunneling microscopy
25,129
 and other 
spectroscopic techniques,
64,130
 only work under very specific circumstances and are thus 
unable to probe a wide variety of heterogeneous ligand mixtures.  
Here we propose that ion mobility-mass spectrometry (IM-MS) is a suitable tool for 
both the routine characterization of AuNPs with ordered ligands, and for investigations of 
the nanoscale processes which drive this ordering. In addition to serving as a simple 
probe for AuNP-bound ligands,
50,125
 this strategy was recently demonstrated to be 
effective in the relative quantification of binary ligand mixtures.
131
 In a typical 
experiment, mixed-monolayer-protected AuNPs are fragmented in a matrix-assisted laser 
desorption/ionization (MALDI) source, liberating portions of the protecting gold-thiolate 
complex monolayer. These liberated complexes are ionized and separated in the gas 
phase, first by effective surface area and then by the mass-to-charge ratio. The effect of 
separating by both size and mass generates a two-dimensional density map in which 
gold-thiolate ions are clearly separated from purely organic matter.
50
 This allows for the 
extraction of a one-dimensional mass spectrum which exclusively contains gold-thiolate 
ions from the two-dimensional signal, allowing for highly sensitive mass-based 
measurements of the gold-thiolate complexes which protect AuNPs. 
To experimentally establish this claim, we have predicted the mass spectral 
“fingerprint” for different types of ordering. This fingerprint region is comprised of the 
Au4L4 ion species, cyclical tetrameric complexes of gold and thiolate ligands which are 
either directly desorbed from the AuNP surface, or are products of rearrangement of 
“staple” AuxLx+1 species.
18
 In either case, each gold-thiolate complex ion desorbed from 
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the AuNP will contain the ligands present in a given portion of the AuNP surface. The 
complex monolayer-protected AuNP surface can be simplified as a grid pattern on a 
sphere, in which each block represents one ligand. For binary ligand mixtures, each block 
can either be L or L’. Since the Au4L4-xL’x ion species contain four total ligands and are 
known to be ring-shaped, these species will be assumed to roughly represent four-ligand 
portions of that grid. If one randomly samples a four-ligand portion of the AuNP surface, 
there will be a given probability of finding each of the five possible combinations of L 
and L’: Au4L4, Au4L3L’, Au4L2L’2, etc. The probability of finding each of these 
combinations will vary depending on the ordering of the ligands. 
In this context, the Au4L4 and Au4L’4 ion species represent pockets of each ligand, 
while the other three ion species represent an interface between the two ligands, regions 
where portions where the ligands are mixed. The abundances of the pocket and interface 
ions will vary according to the type of ordering on the surface, allowing for a somewhat 
quantitative investigation of ligand ordering (Figure 20). The percentages of surface 
coverage expected for each ordering type can be calculated mathematically. The binomial 
probability distribution model can be used to predict the outcome for randomly 
distributed ligands. Each ion provides four trials (N = 4), one trial for each ligand in the 
ion, to answer the binary question: L or L’? The probability of finding either ligand (p) is 
determined by the relative quantity of the two ligands. For example, for a 50:50 mixture 
of two ligands there will be a few four-ligand pockets of ligand 1 or 2, but the large 
majority of the surface (86%) will be comprised of an “interfacial” region, due to the 
highly mixed nature of the ligands. As the ligands become organized into patchy or 
striped domains, the proportion of the AuNP surface which contains only ligand 1 or 2 
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increases and the area of the interfacial region decreases. The degree to which this occurs 
will reflect the number and size of the ordered ligand domains, thus the striped/patchy 
AuNPs are predicted to yield a range of results. The most extreme case of order on the 
AuNP surface, the Janus structure, contains only one large pocket each of L and L’. In 
this case, the amount of area comprised of pockets will be high, while the amount of 
interfacial ions will be at a minimum. 
 
Figure 20. An illustration of the expected results for varying degrees of microphase 
separation. For AuNPs with no separation in the monolayer, the randomly distributed 
ligands will cause a large “interfacial” region, whose abundance can be predicted by the 
binomial distribution. For rippled or patchy AuNPs, the moderate microphase separation 
will yield some deviation, with interfacial area declining and pocket area increasing. 
Janus AuNPs which exhibit complete microphase separation will have a maximal pocket 
area and minimal interfacial area. 
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Experimental Procedures 
Reagents 
All chemicals were purchased from Fisher Scientific or Sigma-Aldrich and used as 
received with the exception of tetrachloroauric acid, which was synthesized as described 
elsewhere.
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Nanoparticle synthesis and purification 
Gold nanoparticles protected by a monolayer of mercaptotetra(ethylene glycol) 
(MTEG), tiopronin, or octanethiol were synthesized and modified by ligand exchange 
reactions as described in Chapters III-IV. In addition, the MTEG AuNPs were combined 
with tiopronin, mercaptoundecanol (MUO), or mercaptohexanol (MHO); tiopronin 
AuNPs were combined with dPEG acid® or mercaptoundecanoic acid, with the final 
intended ligand:ligand ratios being 1:1. 
Mercaptoundecanoic acid, tiopronin:mercaptoundecanoic acid (Tio:MUA), 
tiopronin:octanethiol (Tio:OT), mercaptopropionic acid:octanethiol (MPA:OT), and 
nonanethiol:methylbenzenethiol (NT:MBT) were synthesized according to the following 
procedure. Chloroauric acid (~100 mg) and one molar equivalent of the chosen thiol were 
combined in 20 mL methanol with stirring at room temperature. For synthesis with a 
mixture of ligands, one-half molar equivalents of each were used for a total of one molar 
equivalent with respect to gold. After 3 minutes, 10 molar equivalents of NaBH4 
dissolved in a minimal amount of methanol were added. In each case the solution turned 
black and some precipitation could be observed. The solution was stirred for at least 30 
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min, followed by centrifugation for 5 min at 3000 rpm. The supernatant was discarded 
and fresh methanol was added, followed by sonication and another 5 min of 
centrifugation. If the nanoparticles did not fully precipitate after 5 min, the centrifugation 
continued up to 30 min. If precipitation did occur, the nanoparticles were washed 
repeatedly by this method, up to four times total. After the final centrifugation, the 
supernatant was discarded and a minimal amount of water or dichloromethane was added 
(≤10 mL), depending on the hydrophilicity of the nanoparticle. AuNPs which could be 
easily suspended in water were dialyzed in snake skin dialysis tubing (MWCO = 30 kDa) 
for 3 days. Core measurements were not made at the time of this writing, but samples 
ranged from exhibiting no to a very small surface plasmon band, indicating average 
diameters from ~2-3.5 nm. All samples were stored in solution. 
 
Sample preparation and analysis 
To a 100 µL solution of dichloromethane containing roughly 0.5 mg of NT:MBT 
AuNPs, 5 mg of DCTB matrix was added. A Pasteur pipet was used to deposit roughly 1 
µL of the solution using capillary action. It is important to use glassware rather than any 
form of plastic, since a significant amount of polymer will enter the sample, creating 
undesired chemical noise in the ion mobility-mass spectrum. 
For the remaining samples, a modified sandwich crystallization method
132
 was utilized. 
For each sample, 0.5 µL of a saturated solution of CHCA matrix was deposited on a 
stainless steel plate. After drying, a 0.5 µL aliquot of the concentrated sample solution 
was deposited and dried, followed by another 0.5 µL spot of matrix solution. Using this 
technique appears to allow for greater sensitivity to gold-thiolate species at lower laser 
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fluences. All spectra were obtained on a Waters Synapt G2 in the positive ion mode. 
Laser intensity was generally set at 20% above threshold, the travelling wave velocity 
was fixed at 300 m/s while the wave height was ramped from 9 to 16 V. Data was 
collected over 60 sec for each spectrum. 
 
Data processing and calculations 
Mass spectra were extracted from the gold-thiolate region of the ion mobility-mass 
spectrum using Driftscope v2.1 software (Waters Corp.). Peaks were identified and 
calibrated using MassLynx 4.1 software (Waters Corp.). The processed spectra were 
exported in text format to Microsoft Excel using a similar system to that described in 
Chapter IV. The peak identification cutoffs were placed at 0.5% abundance relative to the 
base peak and 10 ppm mass accuracy. These cutoffs are more stringent than those 
reported in Chapter IV, since improvements in instrumentation and sample preparation 
technique allow for greater sensitivity and mass accuracy. 
The abundances of the monoisotopic peak were corrected as described in Chapter IV, 
and all ions with an Au4L4 stoichiometry were selected for comparison to a binomial 
model. For each ligand-ligand combination (i.e., each possible value of x for 
Au4SRxSR’4-x), the ion abundances were summed and divided by the total abundance of 
all Au4L4 ions to obtain θx. The binomial distribution was calculated using Microsoft 
Excel (function “BINOMDIST”) with the values n = 4, 0 ≤ x ≤ 4, and 



n
Cx
p x  
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where Cx is the sum of ion counts for a given value of x. Residuals were calculated as the 
square root of the sum of the squared differences between each observed and calculated 
values. 
 
Results and Discussion 
Having predicted the fingerprint of the three types of ordering (Figure 20), we 
synthesized a variety of nanoparticles with binary ligand mixtures (Table 4). Ligand pairs 
with disparate lengths and chemical functionalities were chosen in order to probe the role 
of microphase separation and conformational entropy. A previously studied binomial 
mixture, tiopronin:glutathione (Tio:GS), serves as a useful control establishing the 
baseline measurement of no to very little microphase separation. Figure 21 illustrates 
how a completely random distribution of ligands results in very little deviation from the 
binomial distribution. The average calculated residual for Tio:GS AuNPs with various 
ligand:ligand ratios is 4%, with lower values at low molar percent glutathione in the 
monolayer, and greater deviation from the binomial distribution at higher amounts of 
glutathione (>50%). Other mixed-ligand AuNPs with similar residual values are 
Tio:MUA (3%, obtained by mixed ligand synthesis), NT:MBT (5%),
106
 Tio:OT (5%), 
Tio:dPEG acid® (6%), and MPA:OT (6%). 
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Figure 21. A comparison of observed ion abundances for Au4(Tio)4-x(GS)x and predicted 
ion abundances for a random distribution of ligands. Very little difference is observed 
between the two, indicating the validity of the binomial distribution for predicting ion 
abundances and the random distribution of Tio:GS AuNPs. 
 
Moderate separation can be observed on some nanoparticles (Figure 22), indicated by 
positive deviation from the binomial distributions at x = 0, 4 and negative deviations for x 
= 1-3, which represent ligand pockets and interfaces, respectively. Average residuals for 
these AuNPs range from 10-50% depending on the degree of microphase separation. 
Ligand mixtures falling in this range include MTEG:Tio (17%) and OT:DT (19%).
63
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Figure 22. A comparison of observed ion abundances for Au4(OT)4-x(DT)x and predicted 
ion abundances for a random distribution of ligands. Positive deviation for ions derived 
from OT and DT pockets and negative deviation for ions derived from an interface 
indicate the presence of microphase separation. 
 
As microphase separations become complete, two distinct phases emerge, forming 
Janus AuNPs (Figure 23). Compared to AuNPs with some microphase separations, such 
as those discussed above, the deviations will simply be amplified to a certain maximum 
deviation. At this maximum deviation, the interfacial region of the two phases will be 
minimal, as will the ions derived from this area. Tio:MUTEG AuNPs exhibited this 
pattern, with a residual ranging from 45% to 69%. 
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Figure 23. A comparison of observed ion abundances for Au4(Tio)4-x(MUTEG)x and 
predicted ion abundances for a random distribution of ligands. Very positive deviation for 
ions derived from Tio and MUTEG pockets and very negative deviation for ions derived 
from an interface indicate a complete microphase separation. 
 
In cases where microphase separation is observed, rather than seeing a uniform 
decrease for each of the interface ions, the ions which are expected to have the highest 
abundance decrease the most, while those expected to be least abundant decrease the 
least, and even increase in some cases. This creates a surprising inverse trend with respect 
to the relative quantity of the alternate ligand: at high relative quantities of a given ligand 
SR’, ions with a higher number of SR’ ligands deviate more negatively than ions with a 
low number of SR’ ligands. The observed behavior is certainly counterintuitive, but it 
provides confirmation of microphase separation. If each of the ions with a mixture of 
ligands is derived from a common interfacial region, the abundance of those ions should 
not differ as significantly as those in a random distribution. This common source region 
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produces an equalization effect on the “interfacial” ions, causing their abundances to be 
more equal than would be expected for a random mixture of ligands. 
Another type of deviation from the binomial distribution was observed for 
MTEG:MHO and MTEG:MUO along with methyl-esterified Tio:MUA AuNPs. In this 
type of deviation, each of the ions remains the same intensity or is reduced while a single 
ion, containing three of one ligand and one of another, deviates positively by a significant 
amount (Figure 24). There are few plausible explanations, the most likely of which is the 
existence of a supramolecular structure which favors isolation of certain ligands, reducing 
any pockets of ligands and increasing the interfacial ions, particularly the one containing 
only one of the isolated ligand. It is unclear why these specific ligand mixtures evidence 
this type of supramolecular structure, especially the Tio:MUA AuNPs which were 
roughly 50% methyl-esterified. Tio:MUA AuNPs which were not esterified or were 
100% ethyl- or butyl-esterified did not display any significant deviation from the 
binomial distribution. 
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Figure 24. A comparison of observed ion abundances for Au4(Tio)4-x(MUA)x (where both 
tiopronin and MUA are ~50% methyl-esterified) and predicted ion abundances for a 
random distribution of ligands. No change or a negative deviation was observed for every 
ion except the one corresponding to Au4(Tio)3(MUA), which was much more abundant 
than expected. This result may indicate a previously unknown type of supramolecular 
structure involving the isolation of one of the ligands in the mixture. 
 
One of the advantages of this methodology is the ability to observe the emergence or 
disappearing of supramolecular structures at various ligand:ligand ratios. Figure 25 
illustrates this ability by comparing the proportion of ion signal associated with pockets 
(red or blue data points) or interfaces (half-red, half-blue data points) to the expected 
values for pockets (red and blue lines) and interfaces (purple lines) taken from the 
binomial distribution. On the right, the alternate set of lines indicates a rough prediction 
of results for Janus AuNPs. For each of the AuNPs, deviation from a random distribution 
seems to peak around 60% abundance of the place-exchanged ligand. 
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Figure 25. A representation of the measurement of microphase separations across 
multiple ligand-ligand ratios. Data points correspond to observed ion abundances for 
pocket or interfacial species, while lines correspond to expected abundances for randomly 
distributed ligands (left) or Janus AuNPs (right). Results reveal that deviation from the 
binomial model tends to be greatest between 40-80% alternate (red) ligand, reaching a 
maximum around 60%. 
 
Table 4 summarizes the data presented here. A few trends are worth noting. First, 
ligand mixtures which have been obtained by place-exchange appear to be more likely to 
exhibit supramolecular structure. This is somewhat intuitive, since steric effects and 
ligand-ligand interactions are much more likely to determine the final structure of the 
monolayer. However, this is in direct opposition to the recent work of other groups who 
have described the formation of striped AuNPs through mixed ligand 
syntheses.
25,106,133,134
 Indeed, limited attempts to form striped NT:MBT AuNPs have not 
revealed any significant degree of deviation from a random ligand distribution. It is 
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possible that delicate forms of supramolecular structure could be effectively “blurred out” 
and thus not observable, but it remains clear that any microphase separation on these 
AuNPs is essentially nonexistent. 
 
Table 4. All characterized ligand mixtures, their type of supramolecular structure and the 
degree of deviation from the random distribution (expressed as a residual from the 
binomial). Ligand mixtures in red were predicted to exhibit microphase separations, those 
in italics were obtained by place exchange reactions. 
 
A second noteworthy trend is the degree of difference between nominally similar 
AuNPs. For example, MTEG:Tio AuNPs formed by exchanging tiopronin onto MTEG 
AuNPs exhibit microphase separation, while Tio:dPEG acid® (which is identical to 
MTEG with an additional ethanoic acid group at the ligand terminus) AuNPs formed by 
adding dPEG acid® to tiopronin AuNPs  exhibits no microphase separation. In a similar 
fashion, non-esterified Tio:MUA does not form any observable supramolecular structure 
from a mixed-ligand synthesis, while Tio:MUA which is formed by place exchange 
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shows moderate microphase separation and Tio:MUA which is 50% methyl esterified 
forms an “isolation” supramolecular structure. These cases illustrate the power of IM-MS 
to investigate essentially isomeric AuNPs, observing differences which would not be 
observable by any other analytical platform. 
As a final note, the data presented here may give some evidence of more unique 
structural properties of AuNPs and their gold-thiolate counterparts. Figure 26 
demonstrates how the amount of place-exchanged decanethiol on OT:DT AuNPs appears 
to correlate to the relative abundance of Aux+1Lx ions generally and Au6L5 ions 
specifically. Furthermore, the larger stoichiometries tended to feature greater abundances 
of decanethiol, while smaller stoichiometries tended to favor octanethiol. One possible 
explanation is the coexistence of AuNPs with free gold-thiolate complexes created during 
the place-exchange process. Both of these are observed in the data for OT:DT and 
Tio:GS AuNPs. If this is the case, the free gold-thiolate complexes would increase in 
abundance with more ligands exchanged, and would tend to favor the exchange ligand 
over the original ligand. Another possible explanation would be the preference of certain 
ligands for certain stoichiometry. For example, in the case of OT:DT, the OT could prefer 
the Au4L4 stoichiometry while DT prefers Au6L5. However, this seems unlikely given the 
general preference of alkanethiols for Aux+1Lx stoichiometries (Table 1). In light of this 
fact, the dominance of the Au4L4 appears to reflect a favored stoichiometry prior to its 
ionization, i.e. while still bound to the gold core. This is potentially an experimental 
confirmation of the presence of tetrameric gold-thiolate species on AuNP surfaces which 
was proposed in Chapter III. This data opens the door for investigations of the presence 
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of free gold-thiolate complexes created during place exchange reactions as well as the 
stoichiometry of gold-thiolate complexes on AuNP surfaces. 
 
Figure 26. The relative abundance of ions with different AuxLy stoichiometries (left), and 
a comparison between the distributions observed for the Au4L4 and Au6L5 stoichiometries 
within the same spectrum (right). 
 
Conclusion 
Using ion mobility-mass spectrometry, we have developed a methodology by which 
qualitative and semi-quantitative assessments of supramolecular structure in AuNP-
protecting monolayers can be carried out. The data reveals ideal pathways to obtaining 
supramolecular structure as well as a previously unknown type of supramolecular 
structure involving the isolation of one of the ligands in a mixture. The complexity of the 
data obtained reveals a unique and powerful approach to studying the monolayer-
protected AuNP surface. A more complete understanding the processes at work in 
microphase separation and monolayer fragmentation could enable the reverse engineering 
of the AuNP surface, generating an image from mass spectral distributions. The ordering 
of ligands on the AuNP surface has been demonstrated to have a powerful effect on 
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AuNP properties, from unique reactivity
26,27,106,133,135
 to solubility
126
 and 
biocompatibility.
26
 The potential of a technique which could allow a more precise 
investigation of patterned monolayer-protected AuNPs should not be understated. 
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CHAPTER VI 
 
CONCLUSION AND FUTURE DIRECTIONS 
 
Conclusion 
Mass spectrometry is a powerful analytical method which has enabled structural 
investigations of molecules as diverse as peptides, molecular gases, and organometallic 
compounds. For small monolayer-protected gold clusters (MPCs), intact AuNPs can be 
ionized, allowing precise molecular formulas to be measured. This allows investigation 
of fundamental AuNP properties, such as the size and native charge of the favored 
“magic” sized clusters. During the ionization process, AuNPs commonly fragment to 
gold-sulfide clusters and/or gold-thiolate complexes, depending on the ionization method. 
In the first experiment to confirm the foundational hypothesis, gold-thiolate complexes 
were indeed desorbed from gold MPCs, ionized, and observed successfully. These gold-
thiolate ions are generated from the smallest MPC and from larger, more polydisperse 
AuNPs. Furthermore, metal-thiolate complexes can be observed as in-source 
fragmentation products of monolayer-protected silver and palladium nanoparticles. The 
observation of metal-thiolate complexes on nanoparticles of various metals and sizes 
leads to the conclusion that metal-thiolates are a ubiquitous capping structure for 
monolayer-protected metal NPs. In addition to gold-thiolate ions derived from AuNP 
surfaces, analogous gold-thiolate complexes formed in solution can be characterized. 
These results will lead to an enhanced understanding of the relationship between metal-
thiolate complexes and metallic nanoparticles, the products of their reduction. 
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The combination of mass spectrometry with a second gas-phase separation technique 
based on ion mobility permits the separation of metal-thiolate ions from isobaric 
chemical noise, enhancing the sensitivity of metal-thiolate ion observations. The use of 
ion mobility creates higher gas pressures in the source region, which also reduces the 
internal energy of the ionized metal-thiolate complexes, virtually eliminating the 
formation of gold-sulfide ions and preserving more fragile metal-thiolate ions. Through 
these two properties, MALDI-IM-MS can be used to detect a diverse array of metal-
thiolates. The two-dimensional separation allows for the extraction of metal-thiolate ion 
signal, leading to more sensitive measurements of the diverse gold-thiolate 
stoichiometries than possible using mass spectrometry alone. 
For mixed-monolayer AuNPs, a measurement of ion abundances for gold-thiolate 
complexes containing various ligands yields ligand abundances which agree with NMR 
measurements taken on intact AuNPs. This second experiment also confirms the 
foundational hypothesis. The result also indicates the utility of MALDI-IM-MS for the 
measurement of relative ligand abundances. As a technique with only one clear 
alternative, NMR spectroscopy, IM-MS has several clear advantages: essentially zero 
probability of peak convolution, the ability to characterize ligand mixtures with no 
differences in functionality, and the ability to analyze complex ternary or quaternary 
ligand mixtures. 
Within a given AuxLy stoichiometry, the abundances of ions corresponding to different 
numbers of the thiolates in the mixture can be compared to a binomial model, permitting 
a novel approach to investigating supramolecular structures on AuNP surfaces. The 
observation of gold-thiolate complexes which reflect the phase-segregated nature of the 
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parent AuNP surface provides the third and final confirmation of the hypothesis. This 
new approach has been utilized to shed light on previously reported structures, and to 
illustrate a previously unknown supramolecular structure. Compared to other analytical 
techniques which have very limited reported uses, a MALDI-IM-MS-based strategy is 
relatively quick, simple, and effective. 
With three affirmative experiments, the hypothesis – that observed metal-thiolate ions 
reflect the monolayer-protected metal nanoparticle surface from which they are derived – 
is confirmed. Beyond the confirmation of the hypothesis, the IM-MS platform offers 
great promise for the characterization of monolayer-protected metallic NPs, particularly 
AuNPs. Compared to other analytical platforms, IM-MS offers the most information 
about the most relevant properties of metallic NPs, namely their surface properties. 
Furthermore, IM-MS is useful for a more diverse array of metal NPs than other 
techniques. It shares the capabilities of MS for the analysis of small MPCs while enabling 
the surface characterization of larger, more polydisperse, and hydrophilic AuNPs. For 
these reasons, IM-MS could easily become a new standard for the characterization of 
monolayer-protected AuNPs. 
 
Future directions 
Fundamental studies of AuNP chemistry 
The vast chemical space which monolayer-protected AuNPs can occupy has led to a 
number of publications exploring simple AuNP chemistry, particularly the structure and 
behavior of the monolayer.
18,25,70
 Some of the most high-impact publications of recent 
years have dealt with fundamental AuNP properties. IM-MS offers an unparalleled 
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platform for investigating the chemistry of gold-thiolate complexes both when in solution 
and when bound to gold cores. For example, IM-MS could be utilized for investigating 
place-exchange kinetics, finding which metals are on the surface in alloyed monolayer-
protected nanoparticles, and the effective cross-section of magic-sized AuNPs, which 
would prove more informative than TEM core diameter measurements. It could perhaps 
be even more useful than crystallographic measurements, which only exist for AuNPs 
protected by two different sets of ligands. Another route that may prove useful to the 
AuNP synthetic community would be a study correlating gold-thiolate stoichiometries 
generated under given synthetic conditions with their eventual size and any other relevant 
properties. 
Perhaps the most immediately pertinent fundamental study which could be made would 
involve the possible direct desorption of protecting gold-thiolate species from AuNPs, i.e. 
the observation of gold-thiolate stoichiometries on AuNP surfaces. The data presented in 
Figure 15 and Figure 26suggest a unique ability to investigate the stoichiometries present 
on larger AuNPs with ligands larger than SCH3, a study which has been remarkably 
missing from the literature. It is unclear why each computational or experimental study of 
gold-thiolate complexes on Au has only utilized SCH3, but it may be a major blind spot 
for researchers studying such complexes. For this purpose as well as cross-section 
measurements of intact AuNPs, collaboration with those familiar with density functional 
theory (DFT) calculations for studying gold-thiolate complexes and AuNPs
53-55,61,66,68
 
could prove invaluable. 
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Development of a new standard protocol for AuNP characterization 
With the number of ion mobility-mass spectrometric instruments increasing, the 
methodologies developed here should garner a large number of users who are interested 
in fundamental metal nanoparticle chemistry or applications based on those 
nanoparticles. A combination of IM-MS and UV-visible spectroscopy provides a simple 
and relatively quick characterization method: average size can be determined to within 
~1-2 nm by looking for the presence of discrete optical absorbance bands (1-2 nm 
AuNPs) or the presence and size of surface plasmon bands compared to the scattering 
region closer to ultraviolet frequencies (3+ nm), while IM-MS can provide a general 
estimate of sample purity (ESI is excellent for this purpose, since there are no matrix 
interference effects and no radiation-induced ionization enhancement or fragmentation) 
and a more precise measurement of surface stoichiometries. The development of IM-MS 
coupled with NMR or UV-vis spectroscopy as a technique for the common nanomaterials 
lab could be highly productive, especially for collaborative work. 
The question of ionization efficiency is very important to the development of a relative 
quantitation protocol. More detailed analyses of various mixed-ligand AuNPs with 
varying expected ionization efficiencies could be compared to NMR measurements, and 
controls could potentially be developed by utilizing gold-thiolate complexes formed in 
solution with specific ligand:ligand ratios. 
The current methodology for analyzing spectra using MassLynx and Microsoft Excel 
software, while effective and sufficiently robust for an experienced user, could benefit 
greatly from the development of simpler, more robust, and user-friendly software. This 
would almost definitely require collaboration with a more programming-oriented lab, 
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optimally one developing proteomic tools. The greatest challenge is the unusual 
composition of the ions observed: organometallic products with a wide array of 
stoichiometries, functionalities, and modifications are highly unfamiliar territory for the 
average proteomics-minded student. In spite of the great difficulties this would pose, the 
development of such software is likely a sine qua non for the popularization of IM-MS in 
this field. 
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APPENDIX 
 
 
Figure A 1. An ion mobility-mass spectrum of tiopronin-protected AuNPs in negative ion 
mode. The symbols above the ion species in the IM-MS plot indicate their assigned 
structure: ring (AuxLx, ○), linear (Aux+1Lx, –), and staple (AuxLx+1, П). 
 
 
Figure A 2. Transmission electron microscopy images of Tio and OT AuNPs. Average 
core diameters were measured to be 2.5 ± 0.6 and 3.6 ± 1.5 nm, respectively. 
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Figure A 3. UV-Vis spectrum of Tio and OT AuNPs. A surface plasmon band (centered 
at approximately 520 nm) was observed for OT AuNPs, but not for Tio AuNPs. 
 
 
Figure A 4. Thermal gravimetric analysis of Tio and OT AuNPs. The organic mass 
fraction of the two samples were measured to be 35.3% and 29.0%, respectively. The 
results for pure tiopronin is shown for comparison. The two-stage decomposition of the 
tiopronin and AuNPs do not represent impurity; each AuNP sample was inspected for 
purity by NMR prior to usage. 
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Figure A 5. NMR spectra of Tio:GS AuNPs, free glutathione, and free tiopronin. This 
portion of the NMR spectrum was used for relative quantitation of tiopronin and 
glutathione on the monolayer-protected AuNP surface. The peak between 1.9 and 2.3 
corresponds to glutathione, the peak below 1.9 corresponds to tiopronin. Integration was 
performed for each peak starting from the outside edge of the peak to the minimum 
between the two. 
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Figure A 6. Regression and Bland-Altman plots (left and right, respectively) comparing 
NMR and MALDI-IM-MS measurements of Tio:GS ratios using only Au4L4 ions, 
expressed as a molar percentage of glutathione. Using only Au4L4 ions makes the 
quantitation measurement quicker and more facile, but yields poorer results than using all 
gold-thiolate ions (Figure 19). 
 
 
Figure A 7. Ion mobility-mass spectrum of 86:14 Tio:MUPEG AuNPs. 
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Figure A 8. Mass spectra of selected Tio:GS AuNPs, with ratios shown on the right. 
AuNPs with low amounts of glutathione tend to yield only the most dominant ion from 
the equivalent IM-MS spectrum.  Peaks below 1200 m/z are unidentified ions, likely 
organic cluster ions or fragmented and rearranged gold-thiolate ions. 
 
Figure A 9. Ion mobility-mass spectrum of a mixture of 2 nm bare gold AuNPs and free 
tiopronin, with the mass spectrum of the extracted gold-thiolate region shown inset. The 
solution was spotted and dried immediately after combination to prevent gold-thiol 
bonding in solution. No signals are seen in the gold-thiolate ion region, establishing that 
the gold-thiolate complexes investigated here do not form in the gas phase. 
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Figure A 10. Ion mobility-mass spectrum of 78:22 Tio:RGD epitope AuNPs. 
 
 
Figure A 11. Ion mobility-mass spectrum of dodecanethiol:phenylacetylene “molecular 
wire” AuNPs. 
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Figure A 12. Ion mobility-mass spectrum of AuNPs with a quaternary ligand system. 
Measured molar percentages of the four ligands are shown above. 
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Table A 1. Feed ratio (original ligand:alternate ligand, as listed in headings) and time 
elapsed for place exchange reactions in Chapter IV. Amount of original ligand estimated 
from TEM and TGA data. Listings are ordered from least exchange (top) to most 
exchange (bottom), for comparison to Table 3. A comparison of feed ratios to measured 
ratios on the final AuNP product reveals a generally incomplete exchange, with the 
original ligand being favored in the final product. The only exceptions are Tio:GS AuNPs 
at low amounts of glutathione added. 
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